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Abstract
Weak scale supersymmetry has perhaps become the most popular choice for explaining new physics
beyond the standard model. An extension beyond the standard model was essential to explain issues
like gauge-hierarchy problem or non-vanishing neutrino mass. With the initiation of the large hadron
collider era at CERN, discovery of weak-scale supersymmetric particles and, of course, Higgs boson
are envisaged. In this thesis we try to discuss certain phenomenological aspects of an Rp-violating
non-minimal supersymmetric model, called µνSSM. We show that µνSSM can provide a solution
to the µ-problem of supersymmetry and can simultaneously accommodate the existing three flavour
global data from neutrino experiments even at the tree level with the simple choice of flavour diagonal
neutrino Yukawa couplings. We show that it is also possible to achieve different mass hierarchies for
light neutrinos at the tree level itself. In µνSSM, the effect of R-parity violation together with a seesaw
mechanism with TeV scale right-handed neutrinos are instrumental for light neutrino mass generation.
We also analyze the stability of tree level neutrino masses and mixing with the inclusion of one-loop
radiative corrections. In addition, we investigate the sensitivity of the one-loop corrections to different
light neutrino mass orderings. Decays of the lightest supersymmetric particle were also computed and
ratio of certain decay branching ratios was observed to correlate with certain neutrino mixing angle. We
extend our analysis for different natures of the lightest supersymmetric particle as well as with various
light neutrino mass hierarchies. We present estimation for the length of associated displaced vertices
for various natures of the lightest supersymmetric particle which can act as a discriminating feature at a
collider experiment. We also present an unconventional signal of Higgs boson in supersymmetry which
can lead to a discovery, even at the initial stage of the large hadron collider running. Besides, we show
that a signal of this kind can also act as a probe to the seesaw scale. Certain other phenomenological
issues have also been addressed.
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Motivation and plan of the thesis
The standard model of the particle physics is extremely successful in explaining the elementary particle
interactions, as has been firmly established by a host of experiments. However, unfortunately there ex-
ist certain issues where the standard model is an apparent failure, like unnatural fine tuning associated
with the mass of the hitherto unseen Higgs boson or explaining massive neutrinos, as confirmed by
neutrino oscillation experiments. A collective approach to address these shortcomings requires exten-
sion beyond the standard model framework. The weak scale supersymmetry has been a very favourite
choice to explain physics beyond the standard model where by virtue of the construction, the mass of
Higgs boson is apparently free from fine-tuning problem. On the other hand, violation of a discrete
symmetry called R-parity is an intrinsically supersymmetric way of accommodating massive neutrinos.
But, in spite of all these successes supersymmetric theories are also not free from drawbacks and that
results in a wide variety of models. Besides, not a single supersymmetric particle has been experimen-
tally discovered yet. Nevertheless, possibility of discovering weak scale supersymmetric particles as
well as Higgs boson are highly envisaged with the initiation of the large hadron collider experiment at
CERN.
In this thesis we plan to study a few phenomenological aspects of a particular variant of R-parity
violating supersymmetric model, popularly known as the µνSSM. This model offers a solution for the
µ-problem of the minimal supersymmetric standard model and simultaneously accommodate massive
neutrinos with the use of a common set of right-handed neutrino superfields. Initially, we aimed
to accommodate massive neutrinos in this model consistent with the three flavour global neutrino
data with tree level analysis for different schemes of light neutrino masses. Besides, as the lightest
supersymmetric particle is unstable due to R-parity violation, we also tried to explore the possible
correlations between light neutrino mixing angles with the branching ratios of the decay modes of the
lightest supersymmetric particle (which is usually the lightest neutralino for an appreciable region of
the parameter space) as a possible check of this model in a collider experiment. Later on we looked
forward to re-investigate the tree level analysis with the inclusion of one-loop radiative corrections.
We were also keen to study the sensitivity of our one-loop corrected results to the light neutrino mass
hierarchy. Finally, we proposed an unconventional background free signal for Higgs boson in µνSSM
which can concurrently act as a probe to the seesaw scale. A signal of this kind not only can lead to
an early discovery, but also act as an unique collider signature of µνSSM.
This thesis is organized as follows, we start with a brief introduction of the standard model in
chapter 1, discuss the very basics of mathematical formulations and address the apparent successes
and shortcomings. We start our discussion in chapter 2 by studying how the quadratic divergences in
the standard model Higgs boson mass can be handled in a supersymmetric theory. We also discuss the
relevant mathematical formulations, address the successes and drawbacks of the minimal supersym-
metric standard model with special attentions on the µ-problem and the R-parity. A small discussion
on the next-to-minimal supersymmetric standard model has also been addressed. We devote chapter 3
for neutrinos. The issues of neutrino mass generation both in supersymmetric and non-supersymmetric
models have been addressed for tree level as well as for one-loop level analysis. Besides, implications
of neutrino physics in a collider analysis has been discussed. Light neutrino masses and mixing in
µνSSM both for tree level and one-loop level analysis are given in chapter 4. The µνSSM model has
been discussed more extensively in this chapter. We present the results of correlation study between
the neutrino mixing angles and the branching ratios of the decay modes of the lightest neutralino in
µνSSM in chapter 5. Our results are given for different natures of the lightest neutralino with dif-
ferent hierarchies in light neutrino masses. Finally, in chapter 6 we present an unusual background
xi
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free signal for Higgs boson in µνSSM, which can lead to early discovery. We list our conclusions in
chapter 7. Various technical details, like different mass matrices, couplings, matrix element squares of
the three-body decays of the lightest supersymmetric particle, Feynman diagrams etc. are relegated
to the appendices.
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Chapter 1
The Standard Model and beyond...
1.1 The Standard Model
The quest for explaining diverse physical phenomena with a single “supreme” theory is perhaps deeply
embedded in the human mind. The journey was started long ago with Michael Faraday and later with
James Clerk Maxwell with the unification of the electric and the magnetic forces as the electromagnetic
force. The inspiring successful past has finally led us to the Standard Model (SM) (see reviews [1, 2]
and [3–6]) of elementary Particle Physics. In the SM three of the four fundamental interactions, namely
electromagnetic, weak and strong interactions are framed together. The first stride towards the SM
was taken by Sheldon Glashow [7] by unifying the theories of electromagnetic and weak interactions
as the electroweak theory. Finally, with pioneering contributions from Steven Weinberg [8] and Abdus
Salam [9] and including the third fundamental interaction of nature, namely the strong interaction the
Standard Model of particle physics emerged in its modern form. Ever since, the SM has successfully
explained host of experimental results and precisely predicted a wide variety of phenomena. Over time
and through many experiments by many physicists, the Standard Model has become established as a
well-tested physics theory.
z The quarks and leptons
The SM contains elementary particles which are the basic ingredients of all the matter surrounding
us. These particles are divided into two broad classes, namely, quarks and leptons. These particles
are called fermions since they are spin 12 particles. Each group of quarks and leptons consists of six
members, which are “paired up” or appear in generations. The lightest and most stable particles make
up the first generation, whereas the heavier and less stable particles belong to the second and third
generations. The six quarks are paired in the three generations, namely the ‘up quark (u)’ and the
‘down quark (d)’ form the first generation, followed by the second generation containing the ‘charm
quark (c)’ and ‘strange quark (s)’, and finally the ‘top quark (t)’ and ‘bottom quark (b)’ of the third
generation. The leptons are similarly arranged in three generations, namely the ‘electron (e)’ and
the ‘electron-neutrino (νe)’, the ‘muon (µ)’ and the ‘muon-neutrino (νµ)’, and the ‘tau (τ)’ and the
‘tau-neutrino (ντ )’.
z There are gauge bosons too
Apart from the quarks and leptons the SM also contains different types of spin-1 bosons, responsible
for mediation of the electromagnetic, weak and the strong interaction. These force mediators essentially
emerge as a natural consequence of the theoretical fabrication of the SM, which relies on the principle
of local gauge invariance with the gauge group SU(3)C × SU(2)L × U(1)Y . The force mediator gauge
bosons are n2 − 1 in number for an SU(n) group and belong to the adjoint representation of the group.
The group SU(3)C is associated with the colour symmetry in the quark sector and under this group
one obtains the so-called colour triplets. Each quark (q) can carry a colour charge under the SU(3)C
group1 (very similar to electric charges under U(1)em symmetry). Each quark carries one of the three
1The colour quantum number was introduced for quarks [10] to save the Fermi statistics. These are some hypothetical
charges having no connection with the real life colour of light.
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fundamental colours (3 representation), namely, red (R), green (G) and blue (B). In a similar fashion
an anti-quark (q¯) has the complementary colours (3¯ representation), cyan (R), magenta (G) and yellow
(B). The accompanying eight force mediators are known as gluons (Gaµ). The gluons belong to the
adjoint representation of SU(3)C . However, all of the hadrons (bound states of quarks) are colour
singlet. Three weak bosons (W aµ ) are the force mediators for SU(2)L group, under which left-chiral
quark and lepton fields transform as doublets. The remaining gauge group U(1)Y provides hypercharge
quantum number (Y ) to all the SM particles and the corresponding gauge boson is denoted by Bµ. In
describing different gauge bosons the index ‘µ’ (= 1, .., 4) has been used to denote Lorentz index. The
index ‘a’ appears for the non-Abelian gauge groups2 and they take values 1, .., 8 for SU(3)C and 1, 2, 3
for SU(2)L.
Different transformations for the SM fermions and gauge bosons under the gauge group SU(3)C ×
SU(2)L ×U(1)Y are shown below3
LiL =
(
ν`i
`i
)
L
∼ (1,2,−1), `iR ∼ (1,1,−2),
QiL =
(
ui
di
)
L
∼ (3,2, 1
3
), uiR ∼ (3,1,
4
3
), diR ∼ (3,1,−
2
3
),
Gaµ ∼ (8,0,0), W aµ ∼ (1,3,0), Bµ ∼ (1,1,0), (1.1)
where `i = e, µ, τ , ui = u, c, t and di = d, s, b. The singlet representation is given by 1.
z Massive particles in the SM ?
Principle of gauge invariance demands for massless gauge bosons which act as the force mediators.
In addition, all of the SM fermions (quarks and leptons) are supposed to be exactly massless, as a
consequence of the gauge invariance. But these are in clear contradiction to observational facts. In
reality one encounters with massive fermions. Also, the short range nature of the weak interaction
indicates towards some massive mediators. This apparent contradiction between gauge invariance
and massive gauge boson was resolved by the celebrated method of spontaneous breaking of gauge
symmetry [12–16]. The initial SM gauge group after spontaneous symmetry breaking (SSB) reduces
to SU(3)C×U(1)em, leaving the colour and electric charges to be conserved in nature. Consequently, the
corresponding gauge bosons, gluons and photon, respectively remain massless ensuing gauge invariance,
whereas the weak force mediators (W± and Z bosons) become massive. Symbolically,
SU(3)C × SU(2)L ×U(1)Y SSB−−−→ SU(3)C ×U(1)em. (1.2)
Since SU(3)C is unbroken in nature, all the particles existing freely in nature are forced to be colour
neutral. In a similar fashion unbroken U(1)em implies that any charged particles having free existence
in nature must have their charges as integral multiple of that of a electron or its antiparticle. It is
interesting to note that quarks have fractional charges but they are not free in nature since SU(3)C is
unbroken.
 Spontaneous symmetry breaking
Let us consider a Hamiltonian H0 which is invariant under some symmetry transformation. If this
symmetry of H0 is not realized by the particle spectrum, the symmetry is spontaneously broken.
A more illustrative example is shown in figure 1.1. Here the minima of the potential lie on a circle
(white dashed) rather than being a specific point. Each of these points are equally eligible for
being the minimum and whenever the red ball chooses a specific minimum, the symmetry of the
ground state (the state of minimum energy) is spontaneously broken. In other words, when the
symmetry of H0 is not respected by the ground state, the symmetry is spontaneously broken. It
turns out that the degeneracy in the ground state is essential for spontaneous symmetry breaking.
2Yang and Mills [11].
3We choose Q = T3 +
Y
2
, where Q is the electric charge, T3 is the third component of the weak isospin (± 12 for an
SU(2) doublet) and Y is the weak hypercharge.
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Figure 1.1: Spontaneous breaking of symmetry through the choice of a specific degenerate ground
state.
Everything seems to work fine with the massive gauge bosons. But the demon lies within the method
of spontaneous symmetry breaking itself. The spontaneous breakdown of a continuous symmetry implies
the existence of massless, spinless particles as suggested by Goldstone theorem.4 They are known as
Nambu-Goldstone or simply Goldstone bosons. So the SSB apart from generating gauge boson masses
also produces massless scalars which are not yet experimentally detected. This is the crisis point when
the celebrated “Higgs-mechanism”5 resolves the crisis situation. The unwanted massless scalars are now
eaten up by the gauge boson fields and they turn out to be the badly needed longitudinal polarization
mode for the “massive” gauge bosons. So this is essentially the reappearance of three degrees of
freedom associated with three massless scalars in the form of three longitudinal polarization modes
for the massive gauge bosons. This entire mechanism happens without breaking the gauge invariance
of the theory explicitly. This mechanism for generating gauge boson masses is also consistent with
the renormalizability of a theory with massive gauge bosons.6 The fermion masses also emerge as a
consequence of Higgs mechanism.
z Higgs sector of the SM and mass generation
So the only scalar (spin-0) in the SM is the Higgs boson. Higgs mechanism is incorporated in the
SM through a complex scalar doublet Φ with the following transformation properties under the SM
gauge group.
Φ =
(
φ+
φ0
)
∼ (1,2,1). (1.3)
The potential for Φ is written as
V (Φ) = µ2Φ†Φ + λ(Φ†Φ)2, (1.4)
with µ2 < 0 and λ > 0 (so that the potential is bounded from below). Only a colour and charge
(electric) neutral component can acquire a vacuum expectation value (VEV), since even after SSB the
theory remains invariant under SU(3)C ×U(1)em (see eqn.(1.2)). Now with a suitable choice of gauge
(“unitary gauge”), so that the Goldstone bosons disappear one ends up with
Φ =
1√
2
(
0
v + h0
)
, (1.5)
where h0 is the physical Higgs field and ‘v’ is the VEV for Re(φ0) (all other fields acquire zero VEVs)
with v2 = −µ2λ . At this moment it is apparent that eqn.(1.2) can be recasted as
SU(2)L ×U(1)Y SSB−−−→ U(1)em, (1.6)
4Initially by Nambu [17], Nambu and Jona-Lasino. [18,19]. General proof by Goldstone [20,21].
5The actual name should read as Brout-Englert-Higgs-Guralnik-Hagen-Kibble mechanism after all the contributors.
Brout and Englert [13], Higgs [14,15], Guralnik, Hagen and Kibble [16].
6Veltman and ’t Hooft, [22, 23].
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which is essentially the breaking of the electroweak symmetry since the SU(3)C sector remains un-
affected. Thus the phenomena of SSB in the context of the SM is identical with the electroweak
symmetry breaking (EWSB). The weak bosons, W aµ and U(1)Y gauge boson Bµ now mix together and
finally yield three massive vector bosons (W±µ , Z
0
µ) and one massless photon (A
0
µ):
W±µ =
W 1µ ∓ iW 2µ√
2
,
Z0µ = cosθWW
3
µ − sinθWBµ,
A0µ = sinθWW
3
µ + cosθWBµ, (1.7)
where θW is the Weinberg angle or weak mixing angle.
7 In terms of the SU(2)L and U(1)Y gauge
couplings (g2, g1) one can write
g2 sinθW = g1 cosθW . (1.8)
The W±µ , Z
0
µ boson masses are given by
MW =
g2v
2
, MZ =
v
2
√
g21 + g
2
2 , (1.9)
with v2 = −µ2λ . The mass of physical Higgs boson (h0) is given by m2h0 = 2v2λ. Note that mh0 > 0
since µ2 < 0. Interestingly, ratio of the quantities M2W and M
2
Z cos
2 θW is equal to one at the tree level
(see eqns. (1.8) and (1.9)). This ratio is defined as the ρ-parameter, which is an important parameter
for electroweak precision test:
ρ =
M2W
M2Zcos
2θW
= 1. (1.10)
There exists an alternative realization of the ρ-parameter. The ρ-parameter specifies the relative
strength of the neutral current (mediated through Z-bosons) to the charged current (mediated through
W±-boson) weak interactions.
For the purpose of fermion mass generation consider the Lagrangian containing interactions between
Higgs field and matter fermions.
−LYukawa = y`iLiΦei + ydiQiΦdi + yuiQiΦ˜ui + Hermitian conjugate, (1.11)
where y`i,ui,di are the Yukawa couplings for the charged leptons, up-type quarks and down-type quarks,
respectively. The SU(2)L doublet and singlet quark and lepton fields are shown in eqn.(1.1). The field
Φ˜ is used to generate masses for the up-type quarks and it is given by
Φ˜ = −iσ2Φ∗ = i
(
0 −i
i 0
)(
φ−
φ0
∗
)
=
( −φ0∗
φ−
)
. (1.12)
The fermion masses and their interactions with Higgs field emerge after the EWSB using eqn.(1.11).
For example considering the electron these terms are as follows
LelectronYukawa = −
ye(v + h
0)√
2
(eLeR + eReL), (1.13)
where eL = PLLe (see eqn.(1.1)).
So with four component spinor e as
(
eL
eR
)
, eqn.(1.13) can be rewritten as
LelectronYukawa = −meee−
me
v
eeh0, (1.14)
with me =
Yev√
2
as mass of the electron. The particle spectrum of the SM can be written in a tabular
form as shown in table 1.1.
7 At present sin2θW = 0.231 (evaluated at MZ with renormalization scheme MS) [24].
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Particle mass in GeV Spin Electric Charge Colour charge
electron (e) 5.109×10−4 1
2
-1 0
muon (µ) 0.105 1
2
-1 0
tau (τ) 1.776 1
2
-1 0
neutrinos (νe,µ,τ ) 0
1
2
0 0
up-quark (u) 2.49×10−3 1
2
2
3
yes
down-quark (d) 5.05×10−3 1
2
− 1
3
yes
charm-quark (c) 1.27 1
2
2
3
yes
strange-quark (s) 0.101 1
2
− 1
3
yes
top-quark (t) 172.0 1
2
2
3
yes
bottom-quark (b) 4.19 1
2
− 1
3
yes
W-boson (W±) 80.399 1 ±1 0
Z-boson (Z0) 91.187 1 0 0
photon (γ) 0 1 0 0
gluon (g) 0 1 0 yes
Higgs (h0) ? 0 0 0
Table 1.1: The particle spectrum of the SM [24]. Each of the charged particles are accompanied
by charge conjugate states of equal mass. The charge neutral particles act as their own antiparticles
with all charge like quantum numbers as opposite to that of the corresponding particles. Evidence for
Higgs boson is yet experimentally missing and thus Higgs mass is denoted as ‘?’. The neutrinos are
presented with zero masses since we are considering the SM only (see section 1.2).
z SM interactions
Based on the discussion above, the complete Lagrangian for the SM can be written as
LSM = L1 + L2 + L3 + L4, (1.15)
where
1. L1 is the part of the Lagrangian which contains kinetic energy terms and self-interaction terms
for the gauge bosons. After the EWSB these gauge bosons are known as W±, Z0, gluons and
photon. So we have
L1 =
4∑
µ,ν=1
[
−1
4
8∑
a=1
GaµνG
µν
a −
1
4
3∑
i=1
W iµνW
µν
i −
1
4
BµνB
µν
]
, (1.16)
where
Gaµν = ∂µG
a
ν − ∂νGaµ − g3fabcGbµGcν ,
W iµν = ∂µW
i
ν − ∂νW iµ − g2ijkW jµW kν ,
Bµν = ∂µBν − ∂νBµ, (1.17)
with fabc and ijk as the structure constants of the respective non-Abelian groups. g3 is the
coupling constant for SU(3)C group.
2. Kinetic energy terms for quarks and leptons belong to L2. This part of the Lagrangian also
contains the interaction terms between the elementary fermions and gauge bosons. Symbolically,
L2 = iχL 6DχL + iχR 6DχR, (1.18)
where 6D = γµDµ with Dµ as the covariant derivative.8 The quantity χL stands for lepton and
quark SU(2)L doublets whereas χR denotes SU(2)L singlet fields (see eqn.(1.1)). The covariant
8Replacement of ordinary derivative (∂µ) by Dµ is essential for a gauge transformation, so that Dµψ transforms
covariantly under gauge transformation, similar to the matter field, ψ.
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derivative Dµ for different fermion fields are written as (using eqn.(1.1))
DµQi =
[
∂µ + ig1
1
6
Bµ + i
3∑
i=1
g2
1
2
σi.W
i
µ
]
Qi,
Dµui =
[
∂µ + ig1
2
3
Bµ
]
ui,
Dµdi =
[
∂µ − ig1 1
3
Bµ
]
di,
DµLi =
[
∂µ − ig1 1
2
Bµ + i
3∑
i=1
g2
1
2
σi.W
i
µ
]
Li,
Dµei = [∂µ − ig1Bµ] ei.
(1.19)
But these are the information for SU(2)L × U(1)Y only. What happens to the SU(3)C part?
Obviously, for the leptons there will be no problem since they are SU(3)C singlet after all (see
eqn.(1.1)). For the quarks the SU(3)C part can be taken care of in the following fashion,
Dµ
 qiRqiG
qiB
 = [∂µ + i 8∑
a=1
g3
1
2
λa.G
a
µ
] qiRqiG
qiB
 , (1.20)
where R,G and B are the three types of colour charge and λa’s are eight Gell-Mann matrices. qi
is triplet under SU(3)C, where ‘i’ stands for different types of left handed or right handed (under
SU(2)L) quark flavours, namely u, d, c, s, t and b.
3. The terms representing physical Higgs mass and Higgs self-interactions along with interaction
terms between Higgs and the gauge bosons are inhoused in L3
L3 = (DµΦ)†(DµΦ)− V (Φ). (1.21)
The expressions for Φ and V (Φ) are given in eqns.(1.3) and (1.4), respectively. For Φ the covariant
derivative Dµ is given by
DµΦ =
[
∂µ + ig1
1
2
Bµ + i
3∑
i=1
g2
1
2
σi.W
i
µ
]
Φ. (1.22)
4. The remaining Lagrangian L4 contains lepton and quark mass terms and their interaction terms
with Higgs field (h0) (after EWSB). The expression for L4 is shown in eqn.(1.11). The elementary
fermions get their masses through respective Yukawa couplings, which are free parameters of the
theory. It turns out that in the SM the flavour states are not necessarily the mass eigenstates,
and it is possible to relate them through an unitary transformation. In case of the quarks this
matrix is known as the CKM (Cabibbo-Kobayashi-Maskawa) [25,26] matrix. This 3× 3 unitary
matrix contains three mixing angles and one phase. The massless neutrinos in the SM make the
corresponding leptonic mixing matrix a trivial one (Identity matrix). All possible interactions
of the SM are shown in figure 1.2. The loops represent self-interactions like h0h0h0, h0h0h0h0
(from the choice of potential, see eqn. (1.4)) W±W±W∓W∓, ggg or gggg (due to non-Abelian
interactions) and also interactions like W±W∓ZZ, W±W∓γγ, W±W∓Z, W±W∓γ etc.
1.2 Apparent successes and the dark sides
The SM is an extremely successful theory to explain a host of elementary particle interactions. Masses
of the W± and Z bosons as predicted by the SM theory are very close to their experimentally measured
values. The SM also predicted the existence of the charm quark from the requirement to suppress
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Figure 1.2: Interactions of the Standard Model. See text for more details.
flavour changing neutral current (FCNC)9 before it was actually discovered in 1974. In a similar
fashion the SM also predicted the mass of the heavy top quark in the right region before its discovery.
Besides, all of the SM particles except Higgs boson have been discovered already and their masses are
also measured very precisely [24]. Indeed, apart from Higgs sector, rest of the SM has been already
analysed for higher order processes and their spectacular accuracy as revealed by a host of experiments
has firmly established the success of the SM.
Unfortunately, the so-called glorious success of the SM suffers serious threat from various theoretical
and experimental perspective. One of the main stumbling blocks is definitely the Higgs boson, yet to
be observed in an experiment and its mass. Some of these shortcomings are listed below.
1. The SM has a large number of free parameters (19). The parameters are 9 Yukawa couplings
(or elementary fermion masses) + 3 angles and one phase of CKM matrix + 3 gauge couplings
g1, g2, g3
10 + 2 parameters (µ, λ) from scalar potential (see eqn.(1.4)) + one vacuum angle for
quantum chromodynamics (QCD). The number of free parameters is rather large for a funda-
mental theory.
2. There are no theoretical explanation why there exist only three generations of quarks and leptons.
Also the huge mass hierarchy between different generations (from first to third), that is to say
why mass of the top quark (mt) mass of the up-quark (mu) (see table 1.1), is unexplained.
3. The single phase of CKM matrix accounts for many Charge-Parity (CP) violating processes.
However, one needs additional source of CP-violation to account for the large matter-anti matter
asymmetry of the universe.
4. The most familiar force in our everyday lives, gravity, is not a part of the SM. Since the effect of
gravity dominates near the “Planck Scale (MP )”, (∼ 1019 GeV) the SM still works fine despite
its reluctant exclusion of the gravitational interaction. In conclusion, the Standard Model cannot
be a theory which is valid for all energy scales.
5. There is no room for a cold Dark Matter candidate inside the SM framework, which has been
firmly established by now from the observed astrophysical and cosmological evidences.
6. Neutrinos are exactly massless in the Standard Model as a consequence of the particle content,
gauge invariance, renormalizability and Lorentz invariance. However, the experimental results
from atmospheric, solar and reactor neutrino experiments suggest that the neutrinos do have
non-zero masses with non-trivial mixing among different neutrino flavours [28, 29]. In order to
9Glashow, Iliopoulos and Maiani [27].
10An alternate set could be g3, e (the unit of electric charge) and the Weinberg angle θW .
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generate masses and mixing for the neutrinos, one must extend the SM framework by introducing
additional symmetries or particles or both.
But in reality the consequence of a massive neutrino is far serious than asking for an extension
of the SM. As written earlier, the massive neutrinos trigger a non-trivial mixing in the charged
lepton sector just like the CKM matrix11, but with large off-diagonal entries. It remains to
explain why the structure of the mixing matrix for the leptons are so different from the quarks?
7. Perhaps the severe most of all the drawbacks is associated with Higgs boson mass. In the
Standard Model, Higgs boson mass is totally unprotected by any symmetry argument. In other
words putting mh0 = 0, does not enhance any symmetry of the theory.
12 Higgs mass can be as
large as the “Grand Unified Theory (GUT)” scale (1016 GeV) or the “Planck Scale” (1019 GeV)
when radiative corrections are included. This is the so called gauge hierarchy problem. However,
from several theoretical arguments [30–47] and various experimental searches [24, 48, 49] Higgs
boson mass is expected to be in the range of a few hundreds of GeV, which requires unnatural
fine tuning of parameters (∼ one part in 1038) for all orders in perturbation theory. Different
one-loop diagrams contributing to the radiative correction to Higgs boson mass are shown in
figure 1.3.
h0 h0λ
h0
(a)
h0 h0g22
W±, Z0
(d)
h0 h0g2 g2
W±, Z0
W±, Z0
(c)
h0 h0λ λ
h0
h0
(b)
h0 h0
−iyf√
2
−iyf√
2
f
f
(e)
Figure 1.3: One-loop radiative corrections to the Higgs boson mass from (a) and (b) self-interactions
(c) and (d) interactions with gauge bosons and (e) interactions with fermions (f).
It is clear from figure 1.3, the contribution from the fermion loop is proportional to the squared
Yukawa couplings (y2f ). As a corollary these contributions are negligible except when heavy
quarks are running in the loop. Contributions from the diagrams (b) and (c) are logarithmically
divergent which is well under control due to the behaviour of log function. The contributions
from diagrams (a), (d) and (e) are quadratically divergent, which are the sources of the hierarchy
problem.
 Loop correction and divergences
Consider the diagram (e) of figure 1.3, which represents the fermionic loop contribution to
the scalar two point function. Assuming the loop momentum to be ‘k’ and the momentum
for the external leg to be ‘p’ this contribution can be written as
11Known as the PMNS matrix, will be addressed in chapter 3 in more details.
12Note that putting zero for fermion or gauge boson mass however enhances the symmetry of the Lagrangian. In this
case the chiral and gauge symmetry, respectively.
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Πfh0h0(p
2 = 0) = (−1)
∫
d4k
(2pi)4
(
−iyf√
2
)2Tr
[
i
6k −mf
i
6k −mf
]
,
= (−y
2
f
2
)
∫
d4k
(2pi)4
Tr
[
( 6k +mf )( 6k +mf )
(k2 −m2f )2
]
,
= (−2y2f )
∫
d4k
(2pi)4
[
(k2 +m2f )
(k2 −m2f )2
]
,
= −2y2f
∫
d4k
(2pi)4
[
1
(k2 −m2f )
+
2m2f
(k2 −m2f )2
]
,
(1.23)
where the (−1) factor appears for closed fermion loop and ‘i’ comes from the Feynman rules
(see eqn.(1.11)). Fermion propagator is written as i/(6k −mf ). Here some of the properties
of Dirac Gamma matrices have been used.
Now in eqn.(1.23) Higgs mass appears nowhere which justifies the fact that setting mh0 = 0
does not increase any symmetry of the Lagrangian. From naive power counting argument the
second term of eqn.(1.23) is logarithmically divergent whereas the first term is quadratically
divergent. Suppose the theory of the SM is valid upto Planck scale and the cut off scale
Λ (scale upto which a certain theory is valid) lies there, then the correction to the Higgs
boson mass goes as (using eqn.(1.23)),
δm2h0 ≈ −
y2f
8pi2
Λ2 + logarithmic terms. (1.24)
The renormalized Higgs mass squared is then given by
m˜2h0 = m
2
h0,bare + δm
2
h0 , (1.25)
and looking at eqn.(1.24) the requirement of fine tuning for a TeV scale Higgs mass is
apparent. Note that mass generation for all of the SM particles solely depend on Higgs. So
in a sense the entire mass spectrum of the SM will be driven towards a high scale with the
radiative correction in Higgs boson mass.
The list of drawbacks keep on increasing with issues like unification of gauge couplings at a high
scale and a few more. To summarize, all of these unanswered questions have opened up an entire
new area of physics, popularly known as “Beyond the Standard Model (BSM)” physics. Some of the
well-known candidates are supersymmetry13 [50–54], theories with extra spatial dimensions [55–57] and
many others. In this proposed thesis we plan to study some of the problems mentioned earlier in the
context of a supersymmetric theory and look for signatures of such a theory at the ongoing Large
Hadron Collider (LHC) experiment.
13First proposed in the context of hadronic physics, by Hironari Miyazawa (1966).
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Chapter 2
Supersymmetry
2.1 Waking up to the idea
The effect of radiative correction drives the “natural” Higgs mass, and therefore the entire SM particle
spectra to some ultimate cutoff of the theory, namely, the Planck scale. A solution to this hierarchy
problem could be that, either the Higgs boson is some sort of composite particle rather than being
a fundamental particle or the SM is an effective theory valid upto a certain energy scale so that the
cutoff scale to the theory lies far below the Planck scale. It is also a viable alternative that there
exists no Higgs boson at all and we need some alternative mechanism to generate masses for the SM
particles1. However, it is also possible that even in the presence of quadratic divergences the Higgs
boson mass can be in the range of a few hundreds of GeV to a TeV provided different sources of
radiative corrections cancel the quadratic divergent pieces. It is indeed possible to cancel the total
one-loop quadratic divergences (shown in chapter 1, section 1.2) by explicitly canceling contributions
between bosonic and fermionic loop with some postulated relation between their masses. However,
this cancellation is not motivated by any symmetry argument and thus a rather accidental cancellation
of this kind fails for higher order loops.
Driven by this simple argument let us assume that there are two additional complex scalar fields f˜L
and f˜R corresponding to a fermion f which couples to field Φ (see eqn.(1.3)) in the following manner
Lf˜ f˜h0 = λ˜f |Φ|2(|f˜L|2 + |f˜R|2),
EWSB−−−−−→
1
2
λ˜fh
02(|f˜L|2 + |f˜R|2) + vλ˜fh0(|f˜L|2 + |f˜R|2) + .., (2.1)
where h0 is the physical Higgs field (see eqn.(1.5)). A Lagrangian of the form of eqn.(2.1) will yield
additional one-loop contributions to Higgs mass. Note that in order to get a potential bounded from
below, λ˜f < 0. The additional contributions to the two point function for Higgs mass via the loops
h0 h0λ˜f
f˜L(R)
(a)
h0 h0vλ˜f vλ˜f
f˜L(R)
f˜L(R)
(b)
Figure 2.1: New diagrams contributing to Higgs mass correction from Lagrangian Lf˜ f˜h0 (eqn.(2.1)).
(figure 2.1) can be written as
1These issues are well studied in the literature and beyond the theme of this thesis.
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Πf˜h0h0(p
2 = 0) = −λ˜f
∫
d4k
(2pi)4
(
1
k2 −m2
f˜L
+
1
k2 −m2
f˜R
)
+ (vλ˜f )
2
∫
d4k
(2pi)4
(
1
(k2 −m2
f˜L
)2
+
1
(k2 −m2
f˜R
)2
)
. (2.2)
Eqn.(2.2) contains two types of divergences, (a) the first line which is quadratically divergent and
(b) second line, which is logarithmically divergent. Following similar procedure to that of deriving
eqn.(1.24), one can see that the total two point function Πf˜h0h0(p
2 = 0) + Πfh0h0(p
2 = 0) (see eqn.(1.23))
is completely free from quadratic divergences, provided
λ˜f = −y2f . (2.3)
It is extremely important to note that eqn.(2.3) is independent of mass of f, f˜L and f˜R, namely mf ,mf˜L
and mf˜R respectively. The remaining part of Π
f˜
h0h0(p
2 = 0) + Πfh0h0(p
2 = 0), containing logarithmic
divergences can be explicitly written as (using eqn.(2.3) and dropping p2)
Πf˜h0h0(0) + Π
f
h0h0(0) =
iy2f
16pi2
[
−2m2f (1− ln
m2f
µ2R
) + 4m2f ln
m2f
µ2R
]
+
iy2f
16pi2
[
+2m2
f˜
(1− ln
m2
f˜
µ2R
)− 4m2
f˜
ln
m2
f˜
µ2R
]
, (2.4)
with mf˜L = mf˜R = mf˜ . µR is the scale of renormalization. If further one considers mf˜ = mf then
from eqn.(2.4), Πf˜h0h0(0) + Π
f
h0h0(0) = 0, i.e. sum of the two point functions via the loop vanishes!
This theory is absolutely free from hierarchy problem. However, in order to achieve a theory free from
quadratic divergences, such cancellation between fermionic and bosonic contributions must persists for
all higher orders also. This is indeed a unavoidable feature of a theory, if there exists a symmetry
relating fermion and boson masses and couplings2.
2.2 Basics of supersymmetry algebra
A symmetry which transforms a fermionic state into a bosonic one is known as supersymmetry (SUSY)
[1–23] (also see references of [17]). The generator (Q) of SUSY thus satisfies
Q|Boson〉 = |Fermion〉, Q|Fermion〉 = |Boson〉. (2.5)
In eqn.(2.5) spin of the left and right hand side differs by half-integral number and thus Q must be
a spinorial object in nature and hence follows anti-commutation relation. Corresponding Hermitian
conjugate (Q) is also another viable generator since spinors are complex objects. It is absolutely
important to study the space-time property of Q, because they change the spin (and hence statistics
also) of a particle and spin is related to the behaviour under spatial rotations.
Let us think about an unitary operator U , representing a rotation by 360◦ about some axis in
configuration space, then
UQ|Boson〉 = UQU−1U|Boson〉 = U|Fermion〉,
UQ|Fermion〉 = UQU−1U|Fermion〉 = U|Boson〉. (2.6)
However, under a rotation by 360◦ (see ref. [24])
U|Boson〉 = |Boson〉, U|Fermion〉 = −|Fermion〉. (2.7)
2The hint of such a symmetry is evident from m
f˜
= mf .
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Combining eqns.(2.6), (2.7) one ends up with
UQU−1 = −Q, V {Q,U} = 0. (2.8)
Extending this analysis for any Lorentz transformations it is possible to show that Q does not commute
with the generators of Lorentz transformation. On the contrary, under space-time translation,
Pµ|Boson〉 = |Boson〉, Pµ|Fermion〉 = |Fermion〉. (2.9)
Eqns.(2.9) and (2.5) together imply that Q (also Q¯) is invariant under space-time translations. that
is
[Q,Pµ] = [Q¯, Pµ] = 0. (2.10)
It is obvious from eqns.(2.8) and (2.10), that supersymmetry is indeed a space-time symmetry. In fact
now the largest possible space-time symmetry is no longer Poincare´ symmetry but the supersymmetry
itself with larger number of generators,3 Mµν (Lorentz transformationV spatial rotations and boosts),
Pµ (Poincare´ transformation V translations) and Q, Q¯ (SUSY transformations). It has been argued
earlier that the SUSY generators Q, Q¯ are anti-commuting rather than being commutative. So what
is {Q, Q¯}? Since Q, Q¯ are spinorial in nature, then expression for {Q, Q¯} must be bosonic in nature
and definitely has to be another symmetry generator of the larger group. In general, one can expect
that {Q, Q¯} should be a combination of Pµ and Mµν (with appropriate index contraction), However,
after a brief calculation one gets
{Q, Q¯} ∝ Pµ. (2.11)
Eqn.(2.11) is the basic of the SUSY algebra which contains generators of the SUSY transformations
(Q, Q¯) on the left hand side and generator for space-time translations, Pµ on the other side. This
suggests that successive operation of two finite SUSY transformations will induce a space-time transla-
tion on the states under operation. The quantity {Q, Q¯} is a Hermitian operator with positive definite
eigenvalue, that is
〈...|{Q, Q¯}|...〉 = |Q|...〉|2 + |Q¯|...〉|2 ≥ 0. (2.12)
Summing over all the SUSY generators and using eqns.(2.11) and (2.12) one gets∑
Q
{Q, Q¯} ∝ P 0, (2.13)
where P 0 is the total energy of the system or the eigenvalue of the Hamiltonian, thus Hamiltonian of
supersymmetric theory contains no negative eigenvalues.
If |0〉 denotes the vacuum or the lowest energy state of any supersymmetric theory then following
eqns.(2.12) and (2.13) one obtains P 0|0〉 = 0. This is again true if Q|0〉 = 0 and Q¯|0〉 = 0 for all
Q, Q¯. This implies that any one-particle state with non-zero energy cannot be invariant under SUSY
transformations. So there must be one or more supersymmetric partners (superpartners) Q|1〉 or Q¯|1〉
for every one-particle state |1〉. Spin of superpartner state differs by 12 unit from that of |1〉. The state|1〉 together with its superpartner state said to form a supermultiplet. In a supermultiplet different
states are connected in between through one or more SUSY transformations. Inside a supermultiplet
the number of fermionic degrees of freedom (nF ) must be equal to that for bosonic one (nB). A
supermultiplet must contain at least one boson and one fermion state. This simple most supermultiplet
is known as the chiral supermultiplet which contains a Weyl spinor (two degrees of freedom) and one
complex scalar (two degrees of freedom). It is important to note that the translational invariance of
SUSY generators (see eqn.(2.10)) imply All states in a supermultiplet must have same mass4. It must
be emphasized here that throughout the calculation indices for Q and Q¯ have been suppressed. In
reality Q ≡ Qia where ‘i = 1, 2, ...N ’ is the number of supercharges and ‘a’ is the spinor index. To be
specific one should explicitly write (for i = 1), Qα, Q¯α˙, where α, α˙ are spinorial indices belonging to
two different representations of the Lorentz group. We stick to i = 1 for this thesis. Details of SUSY
algebra is given in refs. [27, 28].
3This statement is consistent with the statement of Coleman-Mandula theorem [25] and Haag-Lopuszanski-Sohnius
theorem [26].
4It is interesting to note that supercharge Q satisfies [Q,P 2] = 0 but [Q,W 2] 6= 0, where Wµ(= 1
2
µνρσMνρPσ) is
the Pauli-Lubanski vector. Note that eigenvalue of W 2 ∝ s(s+ 1) where s is spin of a particle. Thus in general members
of a supermultiplet should have same mass but different spins, which is the virtue of supersymmetry.
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2.3 Constructing a supersymmetric Lagrangian
Consider a supersymmetric Lagrangian with a single Weyl fermion, ψ (contains two helicity states,
V nF = 2) and a complex scalar, φ (V nB = 2) without any interaction terms. This two component
Weyl spinor and the associated complex scalar are said to form a chiral supermultiplet. The free
Lagrangian, which contains only kinetic terms is written as
Lsusy = −∂µφ∗∂µφ+ iψ†σµ∂µψ, (2.14)
where σµ = 1,−σi. Eqn.(2.14) represents a massless, non-interacting supersymmetric model known as
Wess-Zumino model [5]. The action Ssusy(= ∫ d4xLsusy) is invariant under the set of transformations,
given as
δφ = αψ
α ≡ ψ, V δφ∗ = †ψ†,
δψα = −i(σµ†)α∂φ, V δψ†α˙ = i(σµ)α˙∂φ∗, (2.15)
where α parametrizes infinitesimal SUSY transformation. It is clear from eqn.(2.15), on the basis of
dimensional argument that α must be spinorial object and hence anti-commuting in nature. They
have mass dimension [M ]−
1
2 . It is important to note that ∂µ
α = 0 for global SUSY transformation.
z Is supersymmetry algebra closed?
It has already been stated that Ssusy is invariant under SUSY transformations (eqn.(2.15)). But
does it also indicate that the SUSY algebra is closed? In other words, is it true that two successive
SUSY transformations (parametrized by 1, 2) is indeed another symmetry of the theory? In reality
one finds
[δ2, δ1]X = −i(1σµ†2 − 2σµ†1)∂µX, (2.16)
where X = φ, ψα, which means that commutator of two successive supersymmetry transformations is
equivalent to the space-time translation of the respective fields.
This is absolutely consistent with our realization of eqn.(2.11). But there is a flaw in the above
statement. In order to obtain eqn.(2.16) one has to use the equation of motion for the massless
fermions and therefore the SUSY algebra closes only in on-shell limit. So how to close SUSY algebra
even in off-shell. A more elucidate statement for this problem should read as how to match the bosonic
degrees of freedom to that of a fermionic one in off-shell? The remedy of this problem can come from
adding some auxiliary field, F (with mass dimension 2) in the theory which can provide the required
extra bosonic degrees of freedom. Being auxiliary, F cannot posses a kinetic term (Lauxiliary = F ∗F ,
Euler-Lagrange equation is F = F ∗ = 0). So the modified set of transformations read as
δφ = ψ, V δφ∗ = †ψ†,
δψα = −i(σµ†)α∂φ+ αF, V δψ†α˙ = i(σµ)α˙∂φ∗ + †α˙F ∗
δF = −i†σ¯µ∂µψ V δF ∗ = i∂µψ†σ¯µ. (2.17)
Eqn.(2.14) also receives modification and for ‘i’ number of chiral supermultiplets is given by
Lchiral = − ∂µφi∗∂µφi︸ ︷︷ ︸
Lscalar
+ iψi
†
σµ∂µψi︸ ︷︷ ︸
Lfermion
+ F i
∗
Fi︸ ︷︷ ︸
Lauxiliary
. (2.18)
z Gauge bosons
Theory of the SM also contains different types of gauge bosons. So in order to supersymmetrize the
SM one must consider some “fermionic counterparts” also to complete the set. The massless spin
one gauge boson (Aaµ) and the accompanying spin
1
2 supersymmetric partner (two component Weyl
spinor, called gauginos (λa)) also belong to the same multiplet, known as the gauge supermultiplet.
The index ‘a’ runs over adjoint representation of the associated SU(N) group. It is interesting to note
that since gauge bosons belong to the adjoint representation, hence a gauge supermultiplet is a real
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representation. Just like the case of chiral supermultiplet one has to rely on some auxiliary fields Da
to close off-shell SUSY algebra. The corresponding Lagrangian is written as
Lgauge = −
Faµν=∂µA
a
ν−∂νAaµ+gfabcAbµAcν︷ ︸︸ ︷
1
4
F aµνF
µν
a + iλ
a†σ¯µDµλa︸ ︷︷ ︸
Dµλa=∂µλa+gfabcAbµλ
c
+
1
2
DaDa, (2.19)
where F aµν is the Yang-Mills field strength and Dµλ
a is the covariant derivative for gaugino field, λa.
The set of SUSY transformations which leave the action Sgauge(= ∫ d4xLgauge) invariant are written
as
δAaµ = −
1√
2
(†σ¯µλa + λa
†
σ¯µ),
δλaα =
i
2
√
2
(σµσ¯ν)αF
a
µν +
1√
2
αD
a,
δDa = − i√
2
(†σ¯µDµλa −Dµλa† σ¯µ). (2.20)
z Interactions in a supersymmetric theory
A supersymmetrize version of the SM should include an interaction Lagrangian invariant under SUSY
transformations. From the argument of renormalizability and naive power counting the most general
interaction Lagrangian (without gauge interaction) appears to be
Lint =
[W ij ]=[mass]1
−1
2
W ijψiψj︸ ︷︷ ︸+
[W i]=[mass]2︷ ︸︸ ︷
W iFi +
[xij ]=[mass]0︷ ︸︸ ︷
xijFiFj + c.c− U︸︷︷︸
[U ]=[mass]4
, (2.21)
where xij ,W ij ,W i, U all are polynomials of φ, φ∗ (scalar fields) with degrees 0, 1, 2, 4. However, in-
variance under SUSY transformations restricts the form of eqn. (2.21) as
Lint = (−1
2
W ijψiψj +W
iFi) + c.c. (2.22)
It turns out that in order to maintain the interaction Lagrangian invariant under supersymmetry
transformations, the quantity W ij must to be analytic function of φi and thus cannot contain a φ
∗
i . It
is convenient to define a quantity W such that W ij = ∂W∂φi∂φj and W
i = ∂W∂φi . The entity W in most
general form looks like
W = hiφi +
1
2
M ijφiφj +
1
3!
f ijkφiφjφk. (2.23)
First term of eqn.(2.23) vanishes for the supersymmetric version of the SM as hi = 0 in the absence
of a gauge singlet scalar field. It is important to note that in an equivalent language, the quantity W
is said to be a function of the chiral superfields [7, 29]. A superfield is a single object that contains as
components all of the bosonic, fermionic, and auxiliary fields within the corresponding supermultiplet.
That is
Φ ⊃ (φ, ψ, F ), or,
Φ(yµ, θ) = φ(yµ) + θψ(yµ) + θθF (yµ) and,
Φ†(y¯µ, θ¯) = φ∗(y¯µ) + θ¯ψ¯(y¯µ) + θ¯θ¯F (y¯µ), (2.24)
where yµ (= xµ− iθσµθ¯) and y¯µ (= x¯µ + iθσµθ¯) represent left and right chiral superspace coordinates,
respectively. It is important to note that in case of the (3 + 1) dimensional field theory xµ represents
the set of coordinates. However, for implementation of SUSY with (3 + 1) dimensional field theory
one needs to consider superspace with supercoordinate (xµ, θα, θ¯α˙). θ
α, θ¯α˙ are spinorial coordinates
spanning the fermionic subspace of the superspace. Any superfield, which is a function of y and θ
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(y¯ and θ¯) only, would be known as a left(right) chiral superfield. Alternatively, if one defines chiral
covariant derivatives DA and D¯A¯ as
DAy¯µ = 0, D¯A¯yµ = 0, (2.25)
then a left and a right chiral superfield is defined as
DAΦ = 0 and D¯A¯Φ† = 0, (2.26)
The gauge quantum numbers and the mass dimension of a chiral superfield are the same as that of
its scalar component, thus in the superfield formulation, eqn.(2.23) can be recasted as
W = hiΦi +
1
2
M ijΦiΦj +
1
3!
f ijkΦiΦjΦk. (2.27)
The quantity W is now called a superpotential. The superpotential W now not only determines
the scalar interactions of the theory, but also determines fermion masses as well as different Yukawa
couplings. Note that W (W †) is an analytical function of the left(right) chiral superfield.
Coming back to interaction Lagrangian, using the equation of motion for F and F ∗ finally one ends
up with
Lint = −1
2
(W ijψiψj +W
∗
ijψ
†iψ†
j
)− 2W iW ∗i . (2.28)
The last and remaining interactions are coming from the interaction between gauge and chiral
supermultiplets. In presence of the gauge interactions SUSY transformations of eqn.(2.17) suffer the
following modification, V ∂µ → Dµ. It is also interesting to know that in presence of interactions,
Euler-Lagrange equations for Da modify as Da = −g(φi∗T aφi) with T a as the generator of the group.
So finally with the help of eqns.(2.18), (2.19), (2.28) and including the effect of gauge interactions
the complete supersymmetric Lagrangian looks like
Ltotal = −∂µφi∗∂µφi + iψi†σµ∂µψi − 1
4
F aµνF
µν
a + iλ
a†σ¯µDµλa
−
[
{1
2
(W ijψiψj +
√
2g(φ∗i T
a
ijψj)λ
a}+ h.c
]
− V (φ, φ∗)
VW
∗
i W
i︸ ︷︷ ︸
F∗i F i
+
∑
1
2D
aDa︷ ︸︸ ︷
1
2
∑
a
g2a(φ
i∗T aφi)
2
 . (2.29)
In eqn.(2.29) index ‘a’ runs over three of the SM gauge group, SU(3)C × SU(2)L × U(1)Y . Potential
V (φ, φ∗), by definition (see eqn.(2.29)) is bounded from below with minima at the origin.
2.4 SUSY breaking
In a supersymmetric theory fermion and boson belonging to the same supermultiplet must have equal
mass. This statement can be re-framed in a different way. Consider the supersymmetric partner of
electron (called selectron, e˜), then SUSY invariance demands, me = me˜ = 5.109 × 10−4GeV (see
table 1.1), where me˜ is mass of the selectron. But till date there exists no experimental evidence (see
ref. [30]) for a selectron. That simply indicates that supersymmetry is a broken symmetry in nature.
The immediate question arises then what is the pattern of SUSY breaking? Is it a spontaneous or
an explicit breaking? With the successful implementation of massive gauge bosons in the SM, it is
naturally tempting to consider a spontaneous SUSY breaking first.
 Spontaneous breaking of SUSY
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In the case of spontaneous SUSY breaking the supersymmetric Lagrangian remains unchanged, how-
ever, vacuum of the theory is no longer symmetric under SUSY transformations. This will in turn
cause splitting in masses between fermionic and bosonic states within the same multiplet connected
by supersymmetry transformation. From the argument given in section 2.2 it is evident that the spon-
taneous breaking of supersymmetry occurs when the supercharges Q, Q¯ (the SUSY generators) fail to
annihilate the vacuum of the theory. In other words if supersymmetry is broken spontaneously (see
figure 2.2), the vacuum must have positive energy, i.e. 〈0|Hsusy|0〉 ≡ 〈Hsusy〉 > 0 (see eqn.(2.12)).
Hsusy is the SUSY Hamiltonian. Neglecting the space-time effects one gets
〈0|Hsusy|0〉 = 〈0|Vsusy|0〉, (2.30)
where Vsusy is given by V (φ, φ∗) (see eqn.(2.29)). Therefore spontaneous breaking of SUSY implies
〈F 〉 6= 0︸ ︷︷ ︸
F−type breaking
or
D−type breaking︷ ︸︸ ︷
〈D〉 6= 0 . (2.31)
It is interesting to note that eqn.(2.31) does not contain Da because if the theory is gauge invariant
then 〈D〉 = 0 holds for Abelian vector superfield only. It is informative to note that the spontaneous
breaking of a supersymmetric theory through F -term is known as O’raifeartaigh mechanism [31] and
the one from D-term as Fayet-Iliopoulos mechanism [32, 33]. In the case of global 5 SUSY breaking,
the broken generator is Q, and hence the Nambu-Goldstone particle must be a massless neutral spin
1
2 Weyl fermion (known as goldstino). The goldstino in not the supersymmetric partner of Goldstone
boson, but a Goldstone fermion itself.
Figure 2.2: Vacua of a supersymmetric theory. (i) exactly supersymmetric and (ii) SUSY is sponta-
neously broken.
But there are drawbacks with this simple approach. The supersymmetric particle spectrum is known
to follow certain sum rules, known as the supertrace sum rules which must vanish. The supertrace of
the tree-level squared-mass eigenvalues is defined with a weighted sum over all particles with spin j
as STr(m2) ≡∑(−1)j(2j + 1)Tr(m2j ) = 0 [34, 35]. This theorem holds for sets of states having same
quantum numbers.
But, a vanishing supertrace indicates that some of the supersymmetric particles must be lighter
compared to that of the SM, which is of course not observed experimentally so far. However, this
relation holds true at the tree level and for renormalizable theories. So supersymmetry can be sponta-
neously broken in some “hidden sector” which only couples to the “visible” or “observable” SM sector
through loop mediated or through non-renormalizable interactions. These intermediate states which
appear in loops or are integrated out to produce non-renormalizable interactions are known as the
“messengers” or “mediators”. Some of the well-motivated communication schemes are supergravity,
anomaly mediation, gauge mediation, gaugino mediation and many others (see review [36, 37]). In all
of these scenario SUSY is spontaneously broken at some hidden or secluded sector, containing fields
singlet under the SM gauge group at some distinct energy scale and the information of breaking is
5The infinitesimal SUSY transformation parameter α is a space-time independent quantity.
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communicated to the observable minimal sector via some messenger interaction. A discussion on these
issues is beyond the scope of this thesis.
 Explicit SUSY breaking and soft-terms
It is now well understood that with the minimal field content SUSY has to be broken explicitly. But
what happens to Higgs mass hierarchy if SUSY is broken in nature? It turns out that in order to
have a theory free from quadratic divergence as well as to have the desired convergent behaviour
of supersymmetric theories at high energies along with the nonrenormalization of its superpotential
couplings, the explicit SUSY breaking terms must be soft [38–41]. The word soft essentially implies
that all field operators occurring in explicit SUSY breaking Lagrangian must have a mass dimension
less than four.
The possible most general [9, 40] soft supersymmetry breaking terms inhoused in Lsoft are6
Lsoft = −
(
1
2
Maλ
aλa +
1
3!
aijkφiφjφk +
1
2
bijφiφj + t
iφi
)
+ c.c
−(m2)ijφj
∗
φi. (2.32)
In eqn.(2.32) terms like tiφi are possible only if there exist gauge singlet superfields and thus these
terms are absent from the minimal supersymmetric version of the SM. Ma’s are the gaugino soft
mass terms, (m2)ji are the coefficients for scalar squared mass terms and b
ij , aijk are the couplings for
quadratic and cubic scalar interactions.
 Higgs mass hierarchy and Lsoft
The form of eqn.(2.32) indicates modification of Lagrangian shown in eqn.(2.1). Adding a possible
interaction term of the form
λfAf˜√
2
f˜Lf˜∗Rh
0 + h.c (scalar cubic interaction) in eqn.(2.1) in turn
modifies the two-point function via the loop (see eqn.(2.4)) as
Πf˜h0h0(0) + Π
f
h0h0(0) = −
iy2f
16pi2
[
4δ2 + (2δ2 + |Af˜ |2)ln
m2f
µ2R
]
+ higher orders, (2.33)
where δ2 = m2
f˜
− m2f and we assume |δ|, |Af˜ |  mf . The most important observation about
eqn.(2.33) is that, in the exact supersymmetric limit
m2
f˜
= m2f , Af˜ = 0, (2.34)
that is, entire one loop renormalization of the Higgs self energy vanishes 7. It is also clear
from eqn.(2.33) that Higgs self energy is linearly proportional to the SUSY breaking parameters
(δ2, |Af˜ |2). Thus supersymmetric theories are free from quadratic divergences, unless m2f˜  m2f .
This is an extremely important relation, which indicates that in order to have a TeV scale Higgs
boson mass (theoretical limit) the soft terms (Af˜ ) and the sparticle masses (mf˜ ) must lie in the
same energy scale (reason why we are dreaming to discover SUSY at the large hadron collider
experiment).
2.5 Minimal Supersymmetric Standard Model
We are now well equipped to study the Minimal Supersymmetric Standard Model or MSSM (see
reviews [10,13, 17]). It is always illuminating to start with a description of the particle content. Each
6It is interesting to note that terms like − 1
2
cjki φ
i∗φjφk + c.c are also viable candidates for Lsoft, however they can
generate quadratic divergence from the loop in the presence of gauge singlet chiral superfields. A term like this becomes
soft [41] in the absence of singlet superfields. One more important lesson is that the mass dimension of any coupling in
Lsoft has to be less than four is a necessary but not sufficient condition for the softness of any operator.
7Actually this condition is true for all orders of perturbation theory and is a consequence of the nonrenormalization
theorem [6,42–45].
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of the SM fermions have their bosonic counterparts, known as sfermions. Fermionic counterpart for a
gauge boson is known as a gaugino. Higgsino is the fermionic counter part for a Higgs boson. It is
important to re-emphasize that since a superpotential is invariant under supersymmetry transformation
it cannot involve an chiral and a anti-chiral superfield at the same time. In other words a superpotential
(W ) is an analytical functions of chiral superfields only (W † contains anti-chiral superfields only) and
thus two Higgs doublets are essential for MSSM. In addition, the condition for anomaly cancellation in
the higgsino sector, which is a requirement of renormalizability also asks for two Higgs doublets, Hu and
Hd. It must be remembered that each of the supersymmetric particle (sparticle) has same set of gauge
quantum numbers under the SM gauge group as their SM counterpart, as shown in eqn.(1.1). The
Higgs doublet Hu behaves like eqn.(1.3), whereas the other doublet Hd under SU(3)C×SU(2)L×U(1)Y
transforms as,
Hd =
(
H0d
H−d
)
∼ (1,2,−1). (2.35)
The particle content of the MSSM is shown in figure 2.3. Every lepton (`) and quark (q) of the SM
Figure 2.3: particle content of the MSSM.
(spin 12 ) is accompanied by a slepton (
˜`) and squark (q˜) (spin 0). Corresponding to two Higgs fields
Hu and Hd (denoted as H in figure 2.3) there exist two Higgsino fields (H˜U , H˜d) as well (denoted as
H˜ in figure 2.3). The electroweak gauge bosons W,Z, gluons (g) and photon (γ) are associated with
their superpartner states, namely, wino (W˜ ), zino (Z˜), gluino (g˜) and photino (γ˜)8. Without further
clarification we will concentrate first on the MSSM superpotential and then on the soft terms. We will
not talk about the kinetic terms i.e, the free Lagrangian and the gauge interactions (see ref. [22] for
an extensive discussions).
z MSSM superpotential and soft terms
The superpotential for the MSSM is written as
WMSSM = ab(Y
ij
u Hˆ
b
uQˆ
a
i uˆ
c
j + Y
ij
d Hˆ
a
d Qˆ
b
i dˆ
c
j + Y
ij
e Hˆ
a
d Lˆ
b
i eˆ
c
j − µHˆad Hˆbu),
(2.36)
where Hˆd and Hˆu are the down-type and up-type Higgs superfields, respectively. The Qˆi are SU(2)L
doublet quark superfields, uˆcj [dˆ
c
j ] are SU(2)L singlet up-type [down-type] quark superfields. The Lˆi
are the doublet lepton superfields, and the eˆcj are the singlet charged lepton superfields. Here a, b
are SU(2) indices, and 12 = –21 = 1. Note that u
c
i , d
c
i , e
c
i ≡ u∗iR , d∗iR , `∗iR (see eqn.(1.1)). The only
coupling of the superpotential W , that has a positive mass dimension is the µ-parameter.
8Another alternative set in lieu of Z, γ could be B,W 3, where B and W 3 are the U(1)Y and SU(2)L gauge bosons,
respectively. Correspondingly on the right hand side one should have W˜3, B˜ ⇐⇒ γ˜, Z˜.
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The corresponding soft SUSY breaking Lagrangian can be written as
−LMSSMsoft = (m2Q˜)ijQ˜a
∗
i Q˜
a
j + (m
2
u˜c)
ij u˜c
∗
i u˜
c
j + (m
2
d˜c
)ij d˜c
∗
i d˜
c
j − abBµHˆad Hˆbu
+ (m2
L˜
)ijL˜a
∗
i L˜
a
j + (m
2
e˜c)
ij e˜c
∗
i e˜
c
j +m
2
Hd
Ha
∗
d H
a
d +m
2
HuH
a∗
u H
a
u
+
[
ab
{
(AuYu)
ijHbuQ˜
a
i u˜
c
j + (AdYd)
ijHad Q˜
b
i d˜
c
j
+ (AeYe)
ijHad L˜
b
i e˜
c
j
}
− 1
2
3∑
i=1
Miλ˜i + h.c.
]
. (2.37)
In eqn.(2.37), the first two lines consist of squared-mass terms of squarks, sleptons and Higgses along
with a bilinear term (abBµHˆ
a
d Hˆ
b
u) in two Higgs superfields. The next line contains the trilinear scalar
couplings. Finally, in the last line M3,M2, and M1 are Majorana masses corresponding to SU(3)c,
SU(2)L and U(1)Y gauginos λ˜3, λ˜2, and λ˜1, respectively.
The tree level scalar potential is given by (see eqn.(2.29))
VMSSMscalar = V
MSSM
soft +
1
2
DaDa +
∣∣∣∣∂WMSSM∂φMSSM
∣∣∣∣2 , (2.38)
where VMSSMsoft contains only the scalar couplings of eqn.(2.37) and Φ
MSSM represents scalar compo-
nent of any of the MSSM chiral superfields. Only the neutral scalar fields develop vacuum expectation
values while minimizing the scalar potential VMSSMscalar as follows
〈H0d〉 = v1, 〈H0u〉 = v2. (2.39)
It is evident from eqns.(2.36) and (2.37) that the MSSM has a very rich particle spectra. Note
that the matrices associated with bilinear terms in fields (particles or sparticles) are often appear with
off-diagonal entries after EWSB (see chapter 1). Clearly entries of these matrices cannot represent any
physical masses. So in general these off-diagonal matrices of the gauge or flavour basis can be rotated
in a diagonal basis using suitable unitary or bi-unitary transformations. All the scalar mass squared
matrices are inhoused in VMSSMscalar .
z Gauge versus Mass eigen-basis
• The squarks (q˜) and sleptons (l˜)
The squark and slepton mass square matrices in the flavour basis are bilinears in f˜L
∗
f˜L, f˜R
∗
f˜R
and f˜L
∗
f˜R+c.c where f˜ ≡ l˜/q˜. It is always possible to rotate them into another basis f˜1, f˜2 where
only combination like f˜1
∗
f˜1, f˜2
∗
f˜2 exists. The basis f˜1,2 is known as the mass basis for squarks
and sleptons. The orthogonal mixing matrix relating f˜L,R and f˜1,2 contains an angle ‘θ’ which
depends on the ratio of the off-diagonal entry in f˜L,R basis and the difference in diagonal entries
in the same basis. It can be shown (see for example ref. [22]) that for the first two generations
of squark and charged slepton the effect of off diagonal mixing is negligible and to a very good
approximation f˜L,R can be treated as the mass basis. So we conclude that
Gauge or flavour basis Mass basis
e˜L, e˜R, µ˜L, µ˜R e˜L, e˜R, µ˜L, µ˜R
u˜L, u˜R, d˜L, d˜R u˜L, u˜R, d˜L, d˜R
c˜L, c˜R, s˜L, s˜R c˜L, c˜R, s˜L, s˜R
However, this simple minded approach fails for the third family of slepton and squark due to
relatively large Yukawa coupling. This is because, it is the effect of Yukawa coupling which
controls the size of the off-diagonal term. Summing up, for the third family
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Gauge or flavour basis Mass basis
τ˜L, τ˜R τ˜1, τ˜2
b˜L, b˜R, t˜L, t˜R b˜1, b˜2, t˜1, t˜2
It remains to talk about the left sneutrinos which do not have any right handed counter part.
The degenerate squared mass for all three generations of left sneutrino is given by
M2ν˜ = m
2
L˜
+
1
2
M2Zcos2β, (2.40)
where tanβ = v2v1 is the ratio of two Higgs VEVs and MZ is the Z boson mass given by M
2
Z =
1
2 (g
2
1 + g
2
2)(v
2
1 + v
2
2). Mass for the W
±-bosons are given by M2W =
g22
2 (v
2
1 + v
2
2).
• The neutral and charged supersymmetric fermions
The neutral supersymmetric fermions (−iB˜0,−iW˜ 03 , H˜0d , H˜0u) are known to form a 4×4 symmetric
matrix in the flavour basis. This symmetric matrix is diagonalizable using a single unitary matrix
N and the corresponding four mass eigenstates are known as neutralinos, χ0i (two-component
spinor). Mathematically,
χ0i = Ni1B˜
0 +Ni2W˜
0
3 +Ni3H˜
0
d +Ni4H˜
0
u, (2.41)
with Nij as the elements of the matrix N .
The charged fermions ψ+ = −iW˜+, H˜+u and ψ− = −iW˜−, H˜−d on the other hand form a 4 × 4
mass matrix in the Lagrangian as follows
LcharginoMSSM = −
1
2
(
ψ+ ψ−
)( 0 (M charginoMSSM )T2×2
(M charginoMSSM )2×2 0
)(
ψ+
ψ−
)
+ h.c.
(2.42)
The 2×2 non-symmetric matrix (M charginoMSSM )2×2 (see appendix A) requires a bi-unitary transfor-
mation to go the two-component physical charged fermion eigenstates, known as charginos, χ±i .
If U, V are the two required transformation matrices, then
χ+i = Vi1W˜
+ + Vi2H˜
+
u ,
χ−i = Ui1W˜
− + Ui2H˜−d . (2.43)
It is important to re-emphasize that all the charged and neutral spinors considered here are
two-component Weyl spinors. They can be used further to construct the corresponding four-
component spinors. The neutralino and chargino mass matrices for MSSM are given in appendix
A.
• The neutral and the charged leptons and the quarks are treated in MSSM similar to that of the
SM.
• The gauge bosons are also treated in similar fashion.
• Higgs bosons in MSSM
Let us write down two Higgs doublet of the MSSM in the real (<) and imaginary (=) parts as
follows
Hd =
(
H0d
H−d
)
=
( <H0d + i=H0d
<H−d + i=H−d
)
=
(
h1 + ih2
h3 + ih4
)
,
Hu =
(
H+u
H0u
)
=
( <H+u + i=H+u
<H0u + i=H0u
)
=
(
h5 + ih6
h7 + ih8
)
, (2.44)
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Out of this eight Higgs field (hi), only the neutral real fields can develope a non-zero VEV which
are (recasting eqn.(2.39))
〈<H0d〉 = v1, 〈<H0u〉 = v2. (2.45)
These eight Higgs fields are further classifiable into three groups, namely (1) CP-even (h1, h7), (2)
CP-odd (h2, h8) and (3) charged (h3−6). In the mass basis these give five physical Higgs states,
h0, H0, A0, H± and three Goldstone bosons (G0, G±). In terms of mathematical relations,
H0 =
√
2
(
(<H0d − v1)cosα+ (<H0u − v2)sinα
)
,
h0 =
√
2
(−(<H0d − v1)sinα+ (<H0u − v2)cosα) ,
H− =
(
(<H−d + i=H−d )sinβ + (<H+u + i=H+u )†cosβ
)
,
A0 =
√
2
(−=H0dsinβ + =H0ucosβ) ,
G0 =
√
2
(=H0dcosβ −=H0usinβ) ,
G− =
(
(<H−d + i=H−d )cosβ − (<H+u + i=H+u )†sinβ
)
,
H+ = (H−)†, G+ = (G−)†, (2.46)
where α is a mixing angle relating the gauge and mass basis of CP-even Higgs fields. Scalar
(CP-even), pseudoscalar (CP-odd) and charged scalar mass squared matrices in the flavour basis
for MSSM Higgs fields are given in appendix A. Physical Higgs boson squared masses are given
by (using eqns.(2.36),(2.37))
m2A0 =
2Bµ
sin2β
,
m2H0 =
1
2
[
m2A0 +M
2
Z +
√
(m2A0 +M
2
Z)
2 − 4m2A0M2Zcos22β
]
,
m2h0 =
1
2
[
m2A0 +M
2
Z −
√
(m2A0 +M
2
Z)
2 − 4m2A0M2Zcos22β
]
,
m2H± = m
2
A0 +M
2
W . (2.47)
From eqn.(2.47) one can achieve a theoretical upper limit of the lightest Higgs boson mass [46,47],
(mh0) at the tree level after a bit of algebraic exercise as [48–50],
mh0 ≤MZ |cos2β|. (2.48)
The lightest Higgs mass can however, receives significant radiative corrections from higher order
processes, which are capable of altering the lightest Higgs mass bound drastically. Note that
the value for angle β is between 0 to pi2 . Thus it is easy to conclude that mh0 at the tree level
can be at most of the order of the Z-boson mass. But this is already ruled out by the LEP
experiment [30,51]. So it is evident that inclusion of loop correction [52–57] (see also ref. [58] and
references therein) to lightest Higgs boson mass in MSSM is extremely important. The dominant
contribution arises from top-stop loop and assuming masses for sparticles below 1 TeV we get
mh0 ≤ 135 GeV9.
The conditions for the tree level Higgs potential to be bounded from below (in the direction
v1 = v2) as well as the condition for EWSB are
m2Hd +m
2
Hu + 2|µ|2 ≥ 2|Bµ|,
(m2Hd + |µ|2)(m2Hu + |µ|2) < B2µ. (2.49)
It is extremely important to note that if Bµ,m
2
Hd
,m2Hu all are zero, i.e. there exist no soft SUSY
breaking terms, the EWSB turns out to be impossible. So in a sense SUSY breaking is somehow
related to the EWSB.
9This limit can be further relaxed to mh0 ≤ 150 GeV, assuming all couplings in the theory remain perturbative up
to the unification scale [59,60].
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We conclude the description of the MSSM with a note on the corresponding set of Feynman
rules. The number of vertices are extremely large for a supersymmetric theory even in the
minimal version, and consequently there exist a huge number of Feynman rules. The rules are far
more complicated compared to the SM because of the presence of Majorana particles (particles,
that are antiparticles of their own, neutralinos for example). For a complete set of Feynman
rules for the MSSM see references [12, 48, 50, 61, 62]. A detailed analysis for the Higgs boson in
supersymmetry and related phenomenology are addressed in a series of references [50,63–65].
2.6 The R-parity
The superpotential for MSSM was shown in eqn.(2.36). This superpotential is gauge (the SM gauge
group) invariant, Lorentz invariant and maintains renormalizability. However, it is natural to ask
that what is preventing the following terms to appear in WMSSM , which are also gauge and Lorentz
invariant and definitely renormalizable:
W extra = ab(−εiLˆai Hˆbu +
1
2
λijkLˆ
a
i Lˆ
b
j eˆ
c
k + λ
′
ijkLˆ
a
i Qˆ
b
j dˆ
c
k +
1
2
λ
′′
ijkuˆ
c
i dˆ
c
j dˆ
c
k).
(2.50)
Of course, all of these terms violate either lepton (L) [66, 67] or baryon (B) [66, 68] number by odd
units. The second and the third terms of eqn.(2.50) violate lepton number by one unit whereas the
fourth term violates baryon number by one unit.
Now it is well known that in the SM, lepton and baryon numbers are conserved at the perturbative
level. In the SM, L and B are the accidental symmetry of the Lagrangian, that is to say that these
are not symmetries imposed on the Lagrangian, rather they are consequence of the gauge and Lorentz
invariance, renormalizability and, of course, particle content of the SM. Moreover, these numbers are
no way related to any fundamental symmetries of nature, since they are known to be violated by
non-perturbative electroweak effects [69]. So it is rather difficult to drop these terms from a general
MSSM superpotential unless one assumes B,L conservation as a postulate for the MSSM. However, in
the presence of these terms there exists new contribution to the proton decay process (p→ `+pi0 with
`+ = e+, µ+) as shown in figure 2.4. This process (see figure 2.4) will yield a proton life time ≈ 10−9 sec,
p
u
d
u
λ′
λ
′′
ℓ+
u¯
π0
d˜ck
Figure 2.4: Feynman diagrams for the process p→ `+pi0 with `+ = e+, µ+.
assuming λ′, λ
′′ ∼ O (10−1) and TeV scale squark masses. However, the known experimental bound
for proton lifetime is > 1032 years [30, 70]. So in order to explain proton stability either these new
couplings (λ, λ
′
, λ
′′
) are extremely small (which again requires explanation) or their products (appear
in the decay width for the process p → `+pi0) are very small or these terms are somehow forbidden
from the MSSM superpotential. In fact, to avoid very fast proton decay mediated through squarks of
masses of the order of the electroweak scale, simultaneous presence of λ′, λ′′ type couplings must be
forbidden unless the product λ′λ′′ is severely constrained (see figure 2.4). The λ type of operators are
not so stringently suppressed, and therefore still a lot of freedom remains (see ref. [71] and references
therein).
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It turns out that since these new terms (see eqn.(2.50)) violate either lepton or baryon number by
odd units it is possible to restrict them from appearing in WMSSM by imposing a discrete symmetry
called R-parity (Rp),
10 [66, 72–74] defined as,
Rp = (−1)3(B−L)+2s, (2.51)
where s is the spin of the particle. Since L is an integer, an alternative expression for Rp is also given
by
Rp = (−1)3B+L+2s. (2.52)
It is interesting to note that since different states within a supermultiplet have different spins, they
must have different Rp. It turns out that by construction all the SM particles have Rp = +1 and for all
superpartners, Rp = −1. This is a discrete Z2 symmetry and multiplicative in nature. It is important
to note that Rp conservation would require (1) even number of sparticles at each interaction vertex,
and (2) the lightest supersymmetric particle (LSP) has no lighter Rp = −1 states to decay and thus it
is absolutely stable (see figure 2.5). Thus the LSP for a supersymmetric model with conserved Rp can
act as a natural dark matter candidate. It must be remembered that the soft supersymmetry breaking
Lagrangian will also contain Rp violating terms [75,76].
Par
ticl
es RP = +1
Sparticles RP = −1
Sparticles
RP = −1
RP conserved
Par
ticl
es RP = +1
Particles RP = +1
Sparticles
RP = −1
RP violated
Figure 2.5: With Rp conservation the LSP is forced to be stable due to unavailability of any lighter
sparticle states (left), whereas for the Rp-violating scenario the LSP can decay into SM particles (right).
Looking at eqn.(2.50) it is clear that sources for Rp violation ( 6Rp) (see references [77–89]) are
either bilinear () [90–102] or trilinear (λ, λ
′
, λ
′′
) [76, 81, 84, 97, 103–106] in nature. The simple most
example of 6Rp turns out to be bilinear. It is interesting to note that these bilinear terms are removable
from superpotential by using field redefinitions, however they reappear as trilinear couplings both in
superpotential and in soft SUSY breaking Lagrangian [67, 107, 108] along with the original bilinear
Rp-violating terms, that were in the soft SUSY breaking Lagrangian to start with. The effect of
rotating away LiHu term from the superpotential by a redefinition of the lepton and Higgs superfields
are bound to show up via the scalar potential [92]. Also even if bilinear terms are rotated away at one
energy scale, they reappear in some other energy scale as the couplings evolve radiatively [109]. The
trilinear couplings can also give rise to bilinear terms in one-loops (see figure 2.6) [76]. Note that 6Rp
can be either explicit (like eqn.(2.50)) [67,77,107,108] or spontaneous [77,78,110–116].
Li
λijk Y jke
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(Y jkd )
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µ
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eck(d
c
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Figure 2.6: One loop diagrams contributing to bilinear terms like LiHu, LiHd using the trilinear
couplings λ, λ′.
10See also matter parity [38,66,72,73].
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Here as a digression it should be mentioned that Rp can be embedded into a larger continuous group
(see, for example, ref. [117] and references therein) which is finally abandoned for phenomenological
reasons11. However, its Z2 subgroup could still be retained, which is the Rp.
To summarize, it seems that Rp violation is a natural feature for supersymmetric theories, since
Rp-violating terms (see eqn.(2.50)) are not forbidden to appear in the MSSM superpotential by the
arguments of gauge and Lorentz invariance or renormalizability. On the contrary, assumption of Rp-
conservation to prevent proton decay appears to be an ad hoc one. Besides, models with Rp-violation
are also phenomenologically very rich. Of course, it is natural to ask about the fate of the proton. But
considering either lepton or baryon number violation at a time proton stability can be achieved.
It is true that with 6Rp the LSP is no longer stable and can decay into the SM particles. The stable
LSP (in case it is colour and charge neutral) can be a natural candidate for the Dark matter [118,119].
However, their exist other viable dark matter candidates even for a theory with 6Rp, namely, gravitino
[120–122], axion [123,124] and axino [125,126] (supersymmetric partner of axion).
It is important to note that a decaying LSP has very different and enriched implications in a
collider study. Unlike models with Rp conservation, which yield large missing energy signature at
the end of any supersymmetric process, effect of 6Rp can often produce interesting visible final states
detectable in a collider experiments. Models with bilinear 6Rp are especially interesting concerning
collider studies [122,127–140], as they admit direct mixing between neutrino and neutralinos.
Finally, it remains to be mentioned the most important aspect of Rp violation, namely, generation
of the neutrino mass. It is impossible to generate neutrino masses in a supersymmetric model with
Rp conservation along with minimal field content (see eqn.(2.36)). It is rather important to clarify the
importance of 6Rp in neutrino mass generation. There are other ways to generate light neutrino masses,
both in supersymmetric or non-supersymmetric models like adding extra particles or enhancing the
gauge group (left-right symmetric models [141] for example) and many others. But generating massive
neutrinos with 6Rp is a pure supersymmetric phenomenon without any SM analog. More on the issue
of light neutrino mass generation and 6Rp will be addressed in the next chapter.
To complete the discussion, it is important to mention that these 6Rp couplings are highly constrained
by experimental limits on different physical processes, like neutron-anti neutron scattering [142–145],
neutrinoless double beta decay [103, 146–150], precision measurements of Z decay [151–153], proton
decay [154–156], Majorana masses for neutrinos [105, 157–161] etc. Discussion on different super-
symmetric models with and without Rp conservation, proposed in the literature is given in a recent
review [162].
2.7 Successes of supersymmetry
So far, we tried to formulate the theory of MSSM step by step starting from the very basics. It is
perhaps the appropriate place to discuss the success of the supersymmetric theories over most of the
shortcomings of the SM (see section 1.2). We are about to discuss all the seven points made in section
1.2 but in reverse order.
1. The last point deals with Higgs mass hierarchy in the SM. It has been shown earlier that how a
supersymmetric theory can predict a finite Higgs mass without any quadratic divergences even
though SUSY is broken in nature.
2. It is true that MSSM with Rp conservation predicts massless neutrinos similar to the SM. How-
ever, as argued in the earlier section, supersymmetric theories are capable of accommodating
massive neutrinos if Rp is broken. Just for the sake of completeness, let us mention that there
exist also certain non-minimal supersymmetric models, which can account for the neutrino masses
with seesaw mechanism. Such models include e.g. right- handed neutrinos or other very heavy
particles. In the next chapter these possibilities will be explored in detail.
3. The SM hardly offers any room for a suitable dark matter candidate. But as described in section
2.6 the lightest supersymmetric particle is a good candidate for the dark matter in a supersym-
metric model with Rp conservation. Nevertheless, as stated in section 2.6, there exist other viable
dark matter candidates (gravitino, axion etc.) even for an Rp-violating supersymmetric theory.
11A continuous symmetry would prefer massless gauginos, which is already ruled out by experiments.
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4. The apparent exclusion of gravitational interaction from the SM is still maintained in supersym-
metric theories, so long one considers global supersymmetry. A locally supersymmetric theory
together with the theory of general relativity can incorporate gravitational interaction in SUSY.
This theory is popularly known as supergravity theory.
5. Concerning point no.(3) of section 1.2, there are other sources of CP-violation in the MSSM itself,
which can account for the large matter-anti matter asymmetry of the universe. In general, apart
from one CKM phase there exist many different phases in the MSSM, particularly in the soft su-
persymmetry breaking sector. However, some of these are subjected to strong phenomenological
constraints.
6. It is true that the number of free parameters in a general MSSM theory is larger (> 100) [163,164]
compared to that of the SM. However, there are models where most of these parameters can be
achieved through evolution of a fewer number of parameters at a higher scale. For example in
minimal supergravity [10,165] theory the number of free parameters is just five.
It has to be emphasized here, that this will be a rather incorrect statement that supersymmetric
theories are free from any drawbacks. It is definitely true that they provide explanations to some of the
shortcomings of the SM in a few occasions, but not always. As an example supersymmetric theories
are more prone to FCNC through the sparticle mediated processes [163, 166–171]. This problem can
be removed using clever tricks, but a related discussion is beyond the scope of this thesis. Another,
well known problem of MSSM, the µ-problem will be addressed in the following section.
The main stumbling block for any supersymmetric theory is that there are no experimental evidence
for supersymmetry till date. All the experimental bounds on different phenomenological processes with
supersymmetric effects are basically exclusion limit.
2.8 The µ-problem
The µ-parameter, associated with the bilinear term in Higgs superfields (see eqn.(2.36)) is the only
coupling in the MSSM superpotential having a non-zero positive mass dimension. The problem appears
when one consider the EWSB condition, which is given by
1
2
M2Z =
m2Hd −m2Hu tan2 β
tan2 β − 1 − |µ
2|, (2.53)
where m2Hd ,m
2
Hu
are given by eqn.(2.37), tanβ = v2v1 and MZ is the Z boson mass. The Z boson mass
is very preciously measured to be 91.187 GeV (see table 1.1). So it is expected that all the entries of the
right hand side of eqn.(2.53) (without any fine cancellation) should have the same order of magnitudes.
But how could this happen? m2Hd ,m
2
Hu
are coming from the soft supersymmetric breaking sector with
entries at the TeV scale. On the other hand, µ belongs to SUSY invariant WMSSM (eqn.(2.36)), which
naturally can be as large as the Planck scale. So why these two scales appear to be of the same order
of magnitude without having any a priori connection in between? This defines the µ-problem [172].
An alternative statement could be why µ2 ∼ m2soft and not ∼M2Planck.
It seems easy to solve this problem by starting with µ = 0 at WMSSM and then use the favour of
radiative corrections to generate a non-zero µ term. But there are some phenomenological problems
of this approach and moreover µ = 0 will give zero VEV for Hd along with the presence of unwanted
Weinberg-Wilczek axion [173,174]. So it is apparent that one needs to consider either µ 6= 0 or require
extra fields. The requirement of additional fields often lead to other problems and consequently do not
predict satisfactory models [175–179]. There exist indeed various solutions to the µ-problem where in
most of the occasions the µ-term is absent at the tree level and a TeV or electroweak scale µ-term
arises from the VEV(s) of new fields. These VEVs are obtained by minimizing the potential which also
involves soft SUSY breaking terms. Thus, the fact µ2 ∼ m2soft turns out to be rather natural. Different
solutions to the µ-problem have been addressed in references [180–191]. Some of these mechanisms are
operational at very high energies and thus are hardly testable experimentally.
Perhaps the simple most dynamical solution to the µ-problem is offered by next-to minimal su-
persymmetric standard model or NMSSM (see review [192] and references therein). In NMSSM the
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bilinear term abHˆ
a
d Hˆ
b
u gets replaced by abλSˆHˆ
a
d Hˆ
b
u. The superfield Sˆ is singlet [193–198] under the
SM gauge group. After the EWSB an effective µ term is given by
µ = λvs, (2.54)
where vs = 〈S〉, is the VEV acquired by the scalar component of the superfield Sˆ. The VEV calculation
invokes the soft SUSY breaking terms and hence in general the VEVs are at the TeV scale. It is now
clear that the µ-term of eqn.(2.54) is of the right order of magnitude and it is indeed connected to m2soft.
The NMSSM superpotential assumes a Z3 symmetry which forbids any bilinear term in superpotential.
It is important to note that any term in the superpotential with a non-zero positive mass dimension
suffers the similar fate. In fact the bilinear 6Rp terms (see eqn.(2.50)) are also associated with similar
kind of problem known as the -problem [96]. A common origin for the εi (to account for the neutrino
oscillation data), and the µ-term can be achieved using a horizontal family symmetry as suggested in
ref. [199].
2.9 Next-to-Minimal Supersymmetric Standard Model
It is perhaps logical and consistent with the theme of this thesis to give a brief introduction of the
NMSSM. The NMSSM superpotential, is given by (see review [192,200])
WNMSSM = W
′MSSM − abλSˆHˆad Hˆbu +
1
3
κSˆ3, (2.55)
where W
′MSSM
is the MSSM superpotential (eqn.(2.36)) without the µ-term. In a similar fashion if
L′MSSMsoft denotes LMSSMsoft without the Bµ term (see eqn.(2.37)), then
−LNMSSMsoft = −L
′MSSM
soft + (m
2
S˜
)S˜S˜ − ab(Aλλ)S˜HadHbu +
1
3
(Aκκ)S˜
3 + h.c. (2.56)
However, even in NMSSM, if Rp is conserved, light neutrinos are exactly massless. NMSSM models of
neutrino mass generation will be discussed in the next chapter.
Particle spectrum for NMSSM will be enlarged over that of the MSSM due to extra particle content.
However, Sˆ being SM gauge singlet only the neutralino sector and the neutral Higgs sector receives
modifications. The neutralino mass matrix is now a 5×5 symmetric matrix and there will be one more
CP-odd and CP-even neutral scalar states, compared to that of the MSSM. The phenomenology of
NMSSM is definitely much enriched compared to the MSSM. This is essentially due to the admixture
of new singlet states with MSSM fields. For example, theoretical lower bound on the lightest Higgs
mass is now given by [201] (For Higgs sector in NMSSM also see references [52,202–229])
m
′2
h0 ≤M2Z
[
cos22β +
2λ2cos2θW
g22
sin22β
]
. (2.57)
which is clearly different from eqn.(2.48). It is interesting to note that the lower limit of tree level
lightest Higgs boson mass in NMSSM depends on λ and hence it is in general difficult to put some
upper bound on m′h0 without constraining λ.
The last term in eqn.(2.55) with coefficient κ is included in order to avoid an unacceptable axion
associated to the breaking of a global U(1) symmetry [202]. This term is perfectly allowed by all
symmetry. However, the discrete Z3 symmetry of the NMSSM superpotential (see section 2.8) when
spontaneously broken leads to three degenerate vacua. Casually disconnected parts of the Universe
then would have randomly chosen one of these three equivalent minima leading to the formation of
the dangerous cosmological domain wall [230–232]. However, solutions to this problem exist [233–235],
but these issues are beyond the scope of this thesis12. Another major problem of the NMSSM theories
are associated with the stability of gauge hierarchy arising from the tadpole contribution of the singlet
field.
12One solution of this problem is to put κ = 0 in the NMSSM superpotential by some symmetry argument. This
simplified version is known as Minimally NMSSM or MNMSSM.
30 CHAPTER 2. SUPERSYMMETRY
Diverse phenomenological aspects of NMSSM models are discussed in references [214,225,236–253,
253–299].
The prime focus of this thesis remains the issues of neutrino masses and mixing in supersymmetric
theories. It has been already argued that massive neutrinos can be accommodated in supersymmetric
theories either through 6Rp or using seesaw mechanism with non-minimal field contents. Besides, mass
generation is possible both with the tree level and loop level analysis. However, even before it is
important to note the evidences as well as the basics of the neutrino oscillation. It is also interesting to
note the implications of the massive neutrinos in an accelerator experiment. We aim to discuss these
issues in details in the next chapter along with other phenomenological implications.
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Chapter 3
Neutrinos
Long back in 1930, a new particle was suggested by Pauli to preserve the conservation of energy,
conservation of momentum, and conservation of angular momentum in beta decay [1, 2]1. The name
neutrino was coined by Fermi in 1934. The much desired experimental evidence for neutrinos (actually
νe) was finally achieved in 1956 [3]. In 1962, muon neutrino was discovered [4]. However, it took a
long time till 2000 to discover ντ [5].
Neutrino sources are everywhere, however, they are broadly classifiable in two major classes, namely,
(1) natural sources and (2) man made neutrinos. Natural neutrino sources are nuclear β decay (νe),
solar neutrinos (νe), atmospheric neutrinos (νe, νµ and their anti-neutrinos) and supernovae neutrinos
(all flavours) mainly. Man made neutrinos are produced by the particle accelerators and neutrinos
coming out of nuclear reactors.
Neutrino physics has been seeking huge attention for the last few decades. Different aspects of
neutrino physics have been discussed in references [6–32].
3.1 Neutrinos in the Standard Model
The neutrinos as discussed in chapter 1, appear to be a part of the SM. Confining our attention within
the SM, it is worth listing the information about neutrinos, that “lies within the SM”
1. They are spin 12 objects and thus follow Fermi-Dirac statistics [33,34].
2. Neutrinos are electrically neutral fundamental particles, belonging to the lepton family. The SM
contains three neutrinos, corresponding to three charged leptons.
3. They are a part of the weak isospin (SU(2)L) doublet. Being charge and colour neutral neutrinos
are sensitive to weak interaction only.
4. There exist two kinds of neutrino interactions in nature, (1) neutral and (2) charge current
interactions (see figure 3.1).
Z0
νi
νi
W−
l−i
νi
Figure 3.1: Feynman diagram for the neutral and charged current interactions. νi stand for different
neutrino flavours like νe, νµ, ντ . The charged leptons (e, µ, τ) are represented by lis.
1To be specific, this was an electron neutrino. νµ and ντ were hypothesized later in 1940 and 1970, respectively.
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5. There are only left-chiral [35, 36] (spin anti-parallel to the momentum direction) neutrinos in
nature, without any right-handed counter part. But there exists anti-neutrinos of right chirality
(spin parallel to momentum).
6. Neutrinos are exactly mass less in the SM.
7. Since the neutrinos are massless within the framework of the SM, the mass basis and the weak
interaction basis are same for the charged leptons. In other words, there exists no leptonic
analogue of the CKM matrix (see ref. [37, 38]) with vanishing neutrino mass.
The massless neutrinos seem to work fine with the SM until the first hint of neutrino oscillation
appeared in 1969 [39], which requires massive neutrinos!2. However, maintaining the gauge invariance,
Lorentz invariance and renormalizability, there is absolutely no room for massive neutrinos in the SM
(see reviews [28,42]). It is then apparent that to explain neutrino oscillation the SM framework requires
extension. We leave these modifications for time being until section 3.3. It is rather more important
to know the phenomenon of neutrino oscillation. Besides, it is also important to know if neutrinos
posses non-zero mass, what will be the possible experimental impressions?
3.2 Neutrino oscillation
z Evidences of neutrino oscillation
I. Atmospheric neutrino problem I Consider the atmospheric neutrinos, which are coming from
the interaction of cosmic rays with the earth’s atmosphere. The charged pion (pi±) produced in the
interaction, has the following decay chain
pi± → µ± + νµ(νµ), (3.1)
followed by
µ± → e± + νe(νe) + νµ(νµ). (3.2)
These neutrinos(anti-neutrinos) take part in charge current interaction (see figure 3.1) and produce
detectable charged leptons. Looking at eqns. (3.1, 3.2) one would naively expect number wise3,
Rµ
e
=
νµ(νµ)
νe(νe)
= 2. (3.3)
However, in reality Rµ
e
is much smaller (∼ 0.6), as observed by experiments like Kamiokande [43,44],
NUSEX [45], IMB [46,47], Soudan-2 [48], MACRO [49,50], Super-Kamoikande [51,52]. The diminution
in Rµ
e
as observed by a host of experiments indicates a deficit of muon (anti)neutrino flux. This
apparent discrepancy between predicted and observed neutrino flux defines the atmospheric neutrino
problem.
II. Solar neutrino problem I The Sun gets huge energy by fusing hydrogen (11H) to helium (42He) in
thermonuclear reactions. There exist a few viable candidates for this reaction chain, like proton-proton
(pp) cycle, carbon-nitrogen-oxygen (CNO) cycle [53, 54] etc, although the pp cycle appears to be the
dominant one. The sun is a major source of electron neutrinos (see also ref. [55, 56]) following the
process
4p→ 42He + 2e+ + 2νe, (3.4)
where e+ is a positron. There exist a host of literature concerning the standard solar model [9,
57–61], which account for the number of solar neutrinos expected to be detected in an earth based
detector. However, only one-third of the expected solar neutrino flux has been detected by experiments
2The first idea of neutrino oscillation was given by Bruno Pontecorvo [40,41].
3This number is actually not exactly 2, because of various uncertainties like, geometry of cosmic ray flux and neutrino
flux, solar activities,uncertainty in cross section measurements, etc.
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like Homestake [39, 62, 63], SAGE [64–66], GALLEX [67, 68], GNO [69], Kamiokande [70], Super-
Kamiokande [71,72], SNO [73–75] etc. The disappearance of a large fraction of solar neutrinos defines
the solar neutrino problem.
There were numerous attempts to explain the discrepancy between the measured and the predicted
neutrino flux for the solar and the atmospheric neutrinos. In fact, these neutrino deficits lead to the
proposal of various theoretical models4. However, with the idea of Bruno Pontecorvo [40, 41, 77], it
seems more logical to think about some sort of conversion among neutrino flavours while they propagate
through vacuum or matter, which can lead to diminution of a specific type of flavor as reported by
experiments.
z Theory of neutrino oscillation
In order to explain the Solar and atmospheric neutrino deficits, as discussed earlier it is expected
that a neutrino of a specific flavour, say a, during propagation can alter its flavour to some other one,
say b, at a later stage of time. Now from our knowledge of quantum mechanics it is evident that,
1. The set of linearly independent mass eigenstates form a complete basis.
2. Any arbitrary state can be expressed as a linear combination of the linearly independent mass
eigenstates.
So, if neutrinos oscillate, [78–81] the flavour eigenstates, νe, νµ, ντ must differ from the physical
or mass eigenstates and it is possible to express them as a linear combination of the neutrino mass
eigenstates, ν1, ν2, ν3
5. Thus, we define
|ν′a〉 = U∗ai|νi〉, (3.5)
where ν′a, νi are flavour and mass eigenstates for neutrinos, respectively and U
∗
ai are the coefficients,
carrying information of “conversion”. So if at time, t = 0 we have a flavour state νa, then the
probability for transforming to another flavour state νb at a later time t is given by (using eqn.(3.5)),
P (νa → νb; t) =
∑
j
|Ubje−iEjtU∗aj |2. (3.6)
Eqn.(3.6) is the key equation for neutrino oscillation and the underlying physics can be explained in
three pieces,
I. U∗aj is the amplitude of transformation of a flavour state νa into some mass eigenstate νj .
II. Immediately after that, the factor e−iEjt governs the evolution of mass eigenstate νj with time.
III. Finally, Ubj is the amplitude of transformation of a time evolved mass eigenstate νj into some
other flavor state νb.
A bit of algebraic trick for relativistic neutrinos of momentum p, (Ej ' p+ m
2
j
2E ) yields
P (νa → νb; t) =
∑
j,k
U∗bkUakUbjU
∗
aje
−i∆m2jk L2E , (3.7)
where ∆m2jk = m
2
j−m2k. mi is the mass of νi state and L ' t (L is the distance traversed by a neutrino
in time t to change its flavour) using natural unit system for relativistic neutrinos. It is clear from
eqn.(3.7) that oscillation probability depends on the squared mass differences rather than individual
masses, thus it is impossible to probe the absolute mass scale for neutrinos with oscillation data.
It is important to note from eqn.(3.7), one can define the survival probability for a flavour νa as
P (νa → νa; t) = 1−
∑
j,k
U∗akUakUajU
∗
aje
−i∆m2jk L2E . (3.8)
4A discussion of these models is beyond the scope of this thesis. See ref. [76] for further discussions.
5Assuming three active light neutrino flavour [82]. There are controversies concerning more than three light neutrino
flavours [83–86]. This may be the so-called sterile neutrino which mixes with three light neutrinos, but is phobic to weak
interactions, so that invisible decay width of Z-boson remains sacred. Nevertheless, there exists literature [87–90] which
deals with more than three neutrino species.
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With the aid of eqn.(3.8), deficit of a particular flavour in the solar and the atmospheric neutrino flux
can be explained. However, even using eqn.(3.8) it is hardly possible to account for the solar neutrino
problem. This was an apparent puzzle until the matter effects in the enhancement of neutrino oscillation
were understood. Eqn.(3.8) works only for oscillations in vacuum [91]. The much desired modification
for explaining matter effect induced enhanced oscillations to accommodate the solar neutrino deficit
was given by Mikheyev, Smirnov and Wolfenstein [92–94]. This is popularly known as the MSW effect.
z What do we know about oscillations?
It has been argued already that the theory of neutrino oscillation is sensitive to squared mass
differences. It is also confirmed by this time that, it is indeed possible to explain oscillation phenomena
with two massive neutrinos, consequently, two squared mass differences are enough. We define them as
∆m2solar and ∆m
2
atm, where the word atmospheric is abbreviated as atm. From the observational fact
∆m2atm(∼ 10−3eV2)  ∆m2solar(∼ 10−5eV2). The sign of ∆m2solar has been affirmed experimentally
to be positive, but ∆m2atm can be either positive or negative. With this sign ambiguity, two types of
light neutrino mass spectrum are possible, namely normal and inverted. Mathematically, (i) normal
hierarchy: m1 < m2 ∼
√
∆m2solar , m3 ∼
√
|∆m2atm|, (ii) inverted hierarchy: m1 ≈ m2 ∼
√
|∆m2atm|,
m3 
√
|∆m2atm|, where m1,m2,m3 are light neutrino masses6. There exists a third possibility of
light neutrino mass ordering, where m1 ≈ m2 ≈ m3 
√
|∆m2atm| with finely splitted mis in order to
satisfy oscillation data. This is known as the quasi-degenerate spectrum. Note that, it is impossible to
accommodate quasi-degenerate spectrum unless all three neutrinos are massive whereas for the normal
or inverted hierarchical scheme of light neutrino mass at least two neutrinos must be massive [51,74,95].
Probability of flavour oscillation also contains the elements of conversion matrix, U (eqn.(3.7)).
The matrix U acts as the bridge between flavour and mass eigenstates, having one index from both
the basis. This matrix is the leptonic analogue of the CKM matrix (see chapter 1) and is known as
the Pontecorvo-Maki-Nakagawa-Sakata or the PMNS matrix [40,41,77,96]. In three flavour model this
can be parametrized as [97–99]
U =

c12c13 s12c13 s13e
−iδ
−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13e−iδ c23c13
 .U ′(α), (3.9)
where cij = cos θij , sij = sin θij and U
′(α) = diag(e−iα1/2, 1, e−iα2/2). Here α1, α2, δ are complex
phases. The phases α1, α2 can be non-zero only if neutrinos are Majorana particle in nature (will
be addressed later). Neutrino oscillation is insensitive to Majorana phases. The phase δ is a Dirac
CP-violating phase and can appear in oscillation dynamics. We stick to Charge-Parity(CP)-preserving
case (zero phases) throughout this thesis.
It is interesting to note that unlike the CKM matrix of quark sector, the PMNS matrix has a rather
non-trivial structure. Present experimental evidence favours a tri-bimaximal mixing in light neutrino
sector [100], though there exist other alternatives [101–106] (see also [107] and references therein)7.
The atmospheric mixing angle (θ23) is close to maximal (∼ pi/4) and the solar mixing angle (θ12) is also
large (∼ 35◦). The third and the remaining mixing angle, the reactor angle (θ13) is the most difficult
one to measure. There exist a host of literature, both on theoretical prediction and experimental
observation for the value and the measurement of the angle θ13. (see ref. [108–113] for recent updates.
Also see ref. [114]). At the zeroth-order approximation
θ23 =
pi
4
, θ12 ' 35◦, θ13 = 0. (3.10)
Recently, non-zero value for the angle θ13 has been reported by the T2K collaboration [115] both
for the normal and inverted hierarchy in the light neutrino masses. For normal (inverted) hierarchy
and at 90% C.L. this value is reported to be
0.03(0.04) < sin22θ13 < 0.28(0.34). (3.11)
6It is useful to note that m2 > m1 irrespective of mass hierarchy, since ∆m2solar > 0 always. However, ∆m
2
atm > 0
for normal hierarchy whereas < 0 for the inverted one.
7Some of these proposals are now experimentally ruled out.
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The oscillation parameters (∆m2sol,∆m
2
atm, θ23, θ12, θ13) are highly constrained by experiments.
In table 3.1 best-fit values of these parameters for the global three-flavor neutrino oscillation data
are given [111]. The experiments like Borexino [116], CHOOZ [117, 118], Double Chooz [108, 119],
Parameter Best fit 3σ limit
∆m2sol × 105 eV2 7.65+0.23−0.20 7.05− 8.34
|∆m2atm| × 103 eV2 2.40+0.12−0.11 2.07− 2.75
sin2θ23 0.50
+0.07
−0.06 0.25− 0.37
sin2θ12 0.304
+0.022
−0.016 0.36− 0.67
sin2θ13 0.01
+0.016
−0.011 6 0.056
Table 3.1: Best fit values and 3σ ranges of oscillation parameters from three flavour global data [111].
KamLAND [120, 121], Kamiokande [122], Super-Kamiokande [72, 123], K2K [124], MINOS [125, 126],
GNO [127,128], SNO [129] and others are now in the era of precision measurements. More, sophisticated
experiments like RENO [130], OPERA [131, 132] etc. have already been initiated and an extremely
precise global fit is well anticipated in near future. One can go through ref. [133] for a recent analysis
of the precision results.
z Searching for a neutrino mass
Theory of neutrino oscillation depends on squared mass differences, which are shown in table 3.1.
It is then, natural to ask that what is the absolute scale for a neutrino mass. Is it small, ∼ a few eV
so that small squared mass differences (see table 3.1) seem natural or the absolute masses are much
larger and have unnatural fine splittings among them.
Possible evidences of absolute neutrino mass scale can come from different experiments which are
discussed below.
I. Tritrium beta decay I There are a host of experimental collaboration (Mainz [134,135], Troitsk
[136,137], KARTIN [138,139]) looking for the modification in the beta spectrum in the process 3H→
3He + e− + νe in the presence of non-zero mi. Indeed, the Kurie plot [140] shows deviation near
the endpoint with mi 6= 0 (see figure 3.2). The experiments, however in reality measure an effective
K(Ee)
EeE0E0 −mν
Figure 3.2: Kurie function, K(Ee) versus energy (Ee) of β-particle (e
−) plot for neutrino mass, mν = 0
(solid line) and mν 6= 0 (dashed line). E0 is the energy release.
neutrino mass mβ =
√∑ |Uei|2m2i (U is the PMNS matrix). The present bound is [82]
mβ < 2.0 eV. (3.12)
II. Neutrinoless double beta decay I Consider two beta decays, (n → p+ + e− + νe or d →
u+ e−+ νe, in the quark level of proton (neutron) simultaneously, such that (anti)neutrino emitted in
one decay is somehow absorbed in the other. This leads to the neutrinoless double beta decay, 0νββ
(figure 3.3). However, it is clear from figure 3.3, this breaks lepton number conservation. The quantity
mL represents Majorana mass (will be addressed soon) of a left-handed neutrino, which is responsible
for this lepton number violation (6 L). Not only the lepton number is broken in this interaction,
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dL uL
dL uL
eL
eL
W
W
mL
νeL
νeL
Figure 3.3: Diagram for neutrinoless double beta decay in the SM. Subscript L signifies the left handed
nature of weak interaction.
but through Majorana mass term mL process like this also breaks chirality conservation [141]. The
measurable quantity is defined as mββ =
∑
U2eimi. Since mββ ∝ U2ei, rather than |Uei|2, information
about the δ-phase is not lost until one asks for CP-preservation in the lepton sector. Experimental
reporting of neutrinoless double beta decay is controversial. The result obtained by Heidelberg-Moscow
experiment [142–144], CUORICINO [145] suggests
mββ < 0.2− 0.6 eV. (3.13)
However, there are experiments like CUORE [145], EXO [146], GERDA [147], MAJORANA and a
few others, which are expected to shed light on this claim in near future. One important point about
0νββ is that unless a neutrino possesses a Majorana mass term, mββ = 0. This is true for different
models and has been confirmed by model independent analysis [148]. It must be emphasized here
dL eL
dL eL
uL
uL
u˜
u˜
g˜
λ′
λ′
Figure 3.4: Diagram for neutrinoless double beta decay in Rp-violating supersymmetric models. See
text for further details.
that, actually the presence of Majorana mass term is a sufficient condition for non-zero mββ , but not
necessary, for example 0νββ in Rp-violating (section 2.6) supersymmetric model (see figure 3.4) can
occur without a neutrino Majorana mass term (see ref. [149]). In figure 3.4, g˜ represents a gluino,
superpartner of a gluon and u˜ is a up-type squark (see figure 2.3).
III. CosmologyI Neutrino masses are also constrained by the standard big-bang cosmology. However,
in this case the bound exists on sum of neutrino masses. There were earlier works [150–152] in this
connection, where, a bound on the sum of neutrino mass was obtained from the bound on the total
density of the universe. However, the present bound as obtained from sophisticated experiment like
WMAP [153–158] is much stringent and is given by
3∑
i=1
mi ≤ 0.58 eV(95% C.L.). (3.14)
Note that only for the case of quasi-degenerate light neutrino masses individual masses can be much
larger compared to the squared mass differences (see table 3.1). Thus quasi-degenerate neutrinos
masses are highly constrained by eqn.(3.14).
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So far we have addressed the features of oscillation and non-oscillation experiments to constrain
the neutrino physics. It is the time to demonstrate the origin of neutrino mass. But even before that,
it is important to discuss the nature of neutrino masses, that is whether they are Dirac or Majorana
particles [159,160].
3.3 Models of neutrino mass
z Nature of neutrino mass, Dirac versus Majorana
It is well-known that the charge conjugation operator Cˆ is defined as
Cˆ : ψ → ψc = Cψ¯T , (3.15)
where C is the matrix representation for Cˆ, T denotes transpose and ψ is a four component spinor. It
is then apparent that for a charge neutral fermion
ψc = ψ. (3.16)
Any ψ which obeys eqn.(3.16) is known as a Majorana fermion8. On the contrary, the so-called Dirac
fermions are known to follow ψ 6= ψc. Now, since the neutrinos are the only charge neutral particle
in the SM there is a possibility, that a neutrino is a Majorana particle, [161] rather than a Dirac
particle [162].
I. Dirac Mass I If there were right-handed neutrinos (νR) in the SM, a non-zero Dirac mass (mD)
is well expected. The mass term using eqn.(1.11) can be written as
yνLΦ˜νR + h.c =
yν .v√
2
νLνR + h.c = mDνLνR + h.c, (3.17)
where νL(R) is a left(right) handed neutrino field and yν is the neutrino Yukawa coupling. Demanding
a neutrino mass ∼ 1 eV one gets yν ∼ 10−11. But immediately then, it is legitimate to ask why mD
is extremely small compared to other masses as shown in table 1.1 or alternatively why yν is much
smaller, compared to say electron Yukawa coupling, Ye ∼ 10−6. The Dirac mass terms respect the
total lepton number L, but not the family lepton number, Le, Lµ, Lτ . If mD 6= 0, a neutrino is different
from an anti-neutrino.
II. Majorana Mass I A Majorana mass term not only violate the family lepton number, but also
the total lepton number. In general they are given by
miiνiν
c
i , (3.18)
where, i = L,R. νcL(R) represents a CP conjugated state. A Majorana spinor has only two degrees
of freedom because of eqn.(3.16), whereas a Dirac spinor has four degrees of freedom. Thus, two
degenerate Majorana neutrinos of opposite CP, when maximally mixed form a Dirac neutrino. A
Majorana neutrino is believed to be one of the main reasons for non-vanishing amplitude in 0νββ (see
section 3.2). However, just like the Dirac case it is also important to explain how a neutrino gets a
tiny Majorana mass? The answer will be given in the subsequent paragraph.
In the most general occasion, a neutrino can posses a “Dirac + Majorana” mass term. A term
of this kind can lead to extremely interesting neutrino-anti neutrino oscillation which violates total
lepton number (see ref. [14] for detailed discussion). It is also important to mention that since neutrino
oscillation does not violate total lepton number, it is hardly possible to differentiate between a Dirac
and a Majorana nature from the theory of neutrino oscillation. The 0νββ is definitely an evidence for
Majorana nature. Besides, one can use the favour of electric and magnetic dipole moment measurement,
to discriminate these scenarios [163–170].
8A free Majorana field is an eigenstate of charge conjugation operator.
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3.3.1 Mass models I
It is apparent by now that we need to extend either the particle content of the SM or need to enlarge
the gauge group to accommodate neutrino mass. In this subsection we discuss the models for neutrino
mass generation without introducing supersymmetry. Some of these models generate masses at the
tree level and the remaining through loop processes.
1. Renormalizable interaction with triplet Higgs.
Consider a term in the Lagrangian as
f∆(`
TCiσ2σ`)∆ + h.c, (3.19)
where C is the charge conjugation matrix, σ’s are Pauli matrices and ∆ is a triplet Higgs field with
hypercharge, Y = 2. If further we assume that ∆ has L = −2, then Lagrangian given by eqn.(3.19)
conserves lepton number. The mass term for neutrinos will be then
mν ≈ f∆v∆, (3.20)
where v∆ is the VEV of ∆ field. But this will also produce massless triplet Majoron [171–173] since
lepton number is spontaneously broken by the VEV of SU(2)L triplet ∆ field. Missing experimental
evidence has ruled out this model. One alternative could be to put L = 0 for ∆, which breaks the
lepton number explicitly. This situation, though free of triplet Majoron are highly constrained from ρ
parameter measurement (eqn.(1.10)), which requires v∆ < 8 GeV. Once again for mν ∼ 1 eV, f∆ ∼
10−10.
2. Non-renormalizable interactions.
If we want to build a model for tiny neutrino mass with the SM degrees of freedom, the immediate
possibility that emerges is the so-called dimension five Weinberg operator [174,175]
Yij
(`iΦ)(Φ`j)
M
, (3.21)
where ` are the SM SU(2)L lepton doublets (eqn.(1.1)) and Φ is the SM Higgs doublet (eqn.(1.3)) with
VEV v√
2
. Yij stands for some dimensionless coupling. M is some high scale in the theory, and is the
messenger of some new physics. Thus the small Majorana neutrino mass coming from this ∆L = 2
operator is
(mν)ij =
Yijv
2
2M
. (3.22)
Note that if M is large enough (∼ 1014 GeV) the coupling, Yij ∼ 1 (close to perturbative cutoff), for
right order of magnitude in the neutrino mass (mν) ∼ 0.1 eV. However, this is a rather challenging
scenario, since it is hardly possible to probe M (∼ 1014 GeV) in a collider experiment. One viable
alternative is a TeV scale M , which is possible to explore in a collider experiment. Note that for such
a choice of M , Yij is much smaller.
Maintaining the gauge invariance and renormalizability, the effective operator can arise from three
possible sources.
I. Fermion singlet I The intermediate massive particle is a SM gauge singlet particle, (S). This is
the example of Type-I seesaw mechanism [97, 176–181] (seesaw mechanism will be discussed later in
more details). The light neutrino mass is given by
mν =
f2s v
2
2MS
, (3.23)
where MS is the mass of the singlet fermion and fs is the `ΦS coupling. (see figure 3.5 (a) and (b)).
It is important to note that the ∆L = 2 effect can arise either using a singlet with non-zero lepton
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Figure 3.5: Different types of seesaw mechanism. The cross on the fermionic propagator signifies a
Majorana mass term for the corresponding fermion.
number (right handed neutrino, νR) (figure 3.5 (a)) or through a singlet, S without lepton number
(figure 3.5 (b)).
II. Scalar triplet I The intermediate massive particle is a scalar triplet (∆) under the group SU(2)L.
It is singlet under SU(3)C and has hypercharge, Y = 2. This is the so-called Type-II seesaw mechanism
[182–186]. The light neutrino mass is given by
mν =
f∆s∆v
2
2M2∆
, (3.24)
where M∆ is the mass of the scalar triplet. f∆ and s∆ are the LL∆ and ΦΦ∆ coupling, respectively
(see figure 3.5 (c)).
III. Fermion triplet I A triplet fermion (Σ) acts as the mediator and this is an illustration of the
Type-III seesaw mechanism [187, 188]. This Σ is a triplet under SU(2)L but singlet under SU(3)C.
Hypercharge for Σ is zero. The light neutrino mass is given by
mν =
f2Σv
2
2MΣ
, (3.25)
where MΣ is the mass of the fermion triplet. fΣ is the LΦΣ coupling (see figure 3.5 (d)).
A very important aspect of these seesaw models and the associated Majorana nature is that they can
produce same sign dilepton at a collider experiment [189] apart from a non-zero amplitude for the 0νββ
process. The collider phenomenology for Type-II or III seesaw models are more attractive compared
to the Type-I scenario, due to the involvement of a SM gauge singlet fermion in the latter case.
Also a seesaw generated neutrino mass can have implications in flavour violating processes, [190–194]
leptogenesis [195–198]. However, none of these issues are addressed here.
There exist other interesting seesaw models like (a) Inverse seesaw [199] (requires an extra SM
singlet S apart from νR), (b) Linear seesaw [200], (c) Double seesaw [199, 201], (d) Hybrid seesaw
[202–205] etc. Some of these models have definite group theoretical motivation. Also neutrino masses
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can arise in the left-right symmetric model [206–209]. It is important to note that the Weinberg
operator can also give rise to neutrino mass via loop effects [210–215]. Some of the very early attempts
in this connection have been addressed in references [216,217]. However, any more involved discussion
of these topics are beyond the scope of this thesis. A comprehensive information about various neutrino
mass models is given in ref. [76].
z The seesaw mechanism
It has been already argued that the seesaw mechanism (Type-I,II,III and others) is perhaps the
most convenient way to generate small Majorana masses for neutrinos. But what is actually a seesaw
mechanism and how does it lead to small Majorana mass? It is true that a Majorana mass term
violates lepton number by two units, but this could happen either through a pair of ∆L = 1 effects
(see figure 3.5 (b),(d)) or by a ∆L = 2 vertex (see figure 3.5 (a),(c)). We will discuss the canonical
seesaw mechanism (Type-I, however this analysis is also applicable for Type-III) using a simple model
containing left-handed neutrino, νL and some fermion f , either a SM gauge singlet (Type-I seesaw) or
an SU(2)L triplet (Type-III seesaw). Further we assume that to start with Majorana mass for νL is
absent. Majorana mass for f is given by Mf and the co-efficient of the mixing term (νLf) is written
as mm. The mass matrix in the νL, f basis is given by
M =
(
0 mm
mm Mf
)
. (3.26)
If Mf  mm, the eigenvalues are given as
mlight ' −m
2
m
Mf
, and mheavy 'Mf . (3.27)
If χ1, χ2 form a new basis where M → diag(mlight,mheavy), then mixing between χ1, χ2 and νL, f
basis is parametrized by an angle θ with
tan2θ =
2mm
Mf
. (3.28)
Eqn.(3.27) is the celebrated seesaw formula for neutrino mass generation. Now the left neutrino
possesses a non-zero Majorana mass term which was zero to start with. Also the mass mlight, is
suppressed by a factor mmMf , and thus always is small as long as Mf  mm. Considering three
generations of light neutrinos, the unitary matrix (orthogonal in the absence of complex phases) U ′
which rotates the off-diagonal basis (mlight is a 3 × 3 matrix for the three generation case) to the
diagonal one is known as the PMNS matrix (eqn.(3.9)). Mathematically,
U
′T
mlightU
′ = diag(mνi), i = 1, 2, 3. (3.29)
In the Type-I and Type-III seesaw process, the effective leptonic mixing matrix or PMNS matrix
looses its unitarity [218–220] ∼ mmMf . The unitary nature is restored when Mf → ∞. This feature is
however absent in Type-II seesaw mechanism. A discussion on the phenomenological implications of
this non-unitarity is beyond the scope of this thesis.
It is essential to note that when f is a right handed neutrino, νR, then mm ≡ mD, the Dirac mass
term. Further replacing Mf by MR, in the limit mD MR, we get from eqn.(3.27)
mlight ' mD − MR
2
, and |mheavy| ' mD + MR
2
. (3.30)
This pair is known to behave as Dirac neutrino in various aspects and is named as quasi-Dirac neutrinos
[8, 221].
3.3.2 Mass models II
In this subsection we try to address the issues of neutrino mass generation in a supersymmetric theory
[222], which is one of the prime themes of this thesis. 6Rp through bilinear terms (εi, see eqn.(2.50))
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is the simplest extension of the MSSM [223], which provides a framework for neutrino masses and
mixing angles consistent with experiments. It is important to clarify that there are various sources
for light neutrino mass generation in supersymmetry without 6Rp (section 2.6), for example see refs.
[224–236]. But we stick to a very special case where the origin of neutrino mass generation is entirely
supersymmetric, namely through Rp-violation. An introduction to 6Rp was given in section 2.6 and
here we will concentrate only on the effect of 6Rp in neutrino mass generation.
The effect of 6Rp and neutrino masses in a supersymmetric theory has received immense interest
for a long time and there exist a host of analyses to shed light on different phenomenological aspects
of broken Rp (see section 2.6 and references therein). We quote a few of these references having
connections with the theme of this thesis, namely (a) neutrino mass generation either through explicit
6Rp [190–192,194,223,237–307] or through spontaneous 6Rp [193,308–318] (tree and(or) loop corrections)
and (b) neutrino mass generation and(or) collider phenomenology [193,194,238,240,241,248,251,253,
257,259,265,270,272,276–278,286,288,291,298,309,310,314,319–345].
We start with a brief discussion of spontaneous 6Rp and later we will address the issues of neutrino
mass generation with explicit breaking of Rp.
I. Spontaneously broken R-parity.
The idea of spontaneous 6Rp was first implemented in ref. [346] through spontaneous violation of the
lepton number. The lepton number violation occurs through the left sneutrino VEVs. It was revealed in
ref. [347] that if supersymmetry breaking terms include trilinear scalar couplings and gaugino Majorana
masses, only one neutrino mass would be generated at the tree level. Remaining two small masses are
generated at the one-loop level [346]. Different phenomenological implications for such a model were
addressed in references [251,316,317,348,349]. A consequence of spontaneous 6L appears in the form of
a massless Nambu-Goldstone boson called Majoron [171,172]. Unfortunately, a Majoron, arising from
the breaking of gauge non-singlet fields (in this case a doublet Majoron from the left sneutrino VEVs
which is a member of SU(2)L family) is strongly disfavored by electroweak precision measurements (Z-
boson decay width) [350–353] and astrophysical constraints [173,354–356]. Thus this doublet-Majoron
model is ruled out [309,357,358].
The possible shortcomings of a doublet Majoron model are removable by using the VEV of a gauge-
singlet field as suggested in ref. [359]. Most of these models break the lepton number spontaneously
by giving VEV to a singlet field carrying one unit of lepton number [308, 359, 360]. However, there
exists model where the singlet field carries two unit of lepton number [311]. This singlet Majoron
model [172] is not ruled out by LEP data. More phenomenological implications of this class of models
are addressed in refs. [310,314,361–365].
We just briefly mentioned the basics of spontaneous 6Rp for the sake of completeness. These issues
are not a part of this thesis work and hence we do not elaborate further. A dedicated discussion on
the spontaneous violation of Rp has been given in ref. [76].
II. Explicit breaking of R-parity.
The MSSM superpotential with Rp violating terms was given by eqns. (2.36) and (2.50). Since we
aim to generate Majorana masses for the light neutrinos, we consider violation of the lepton number
only and thus the baryon number violating terms ( 12λ
′′
ijkuˆ
c
i dˆ
c
j dˆ
c
k) are dropped for the rest of the discus-
sions. It is perhaps, best to start with the simple most example of 6Rp, namely bilinear Rp-violation
(bRpV ) and continue the discussion with the trilinear terms (tRpV ) later.
z Bilinear R-parity violation
The superpotential and soft terms are given by (see eqns. (2.36), (2.37) and (2.50))
W bRpV = WMSSM − abεiLˆai Hˆbu,
−LbRpVsoft = −LMSSMsoft − abBεiLˆai Hˆbu. (3.31)
Now what are the implications of eqn.(3.31)?
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1. Rp is violated through lepton number violation by odd unit, ∆L = 1. This is an explicit breaking
and so there is no possibility for an experimentally disfavored doublet Majoron emission.
2. Similar to eqn.(2.38) one can construct the neutral scalar potential, V
bRpV
neutral scalar. Interestingly
now one get non-zero VEVs for the left sneutrino fields using the suitable minimization condition∑
j
(m2
L˜
)jiv′j −Bεiv2 + γgξυv′i + εiη = 0, (3.32)
where
η =
∑
i
εiv′i + µv1, γg =
1
4
(g21 + g
2
2), ξυ =
∑
i
v′2i + v
2
1 − v22 . (3.33)
v1, v2 are VEVs for down and up-type Higgs fields, respectively. v
′
i is the VEV acquired by ‘i’-th
sneutrino field. The soft masses (m2
L˜
)ji are assumed to be symmetric in ‘i’ and ‘j’ indices.
The masses for W,Z bosons now should be given by
MW =
g2vnew√
2
, MZ =
vnew√
2
√
g21 + g
2
2 , (3.34)
where v2new =
∑
v′2i + v
2
1 + v
2
2 . It is apparent from eqn.(3.34) that to maintain the electroweak preci-
sion,
∑
v′2i  v21 , v22 , so that
∑
v′2i + v
2
1 + v
2
2 ' v21 + v22 to a very good approximation.
3. Significance of the lepton number is lost, indeed without a designated lepton number there is no
difference between a lepton superfield (Lˆi) and a down-type Higgs superfield, Hˆd. As a consequence
now the neutral sleptons (left sneutrinos (ν˜) in this case) can mix with CP-odd (pseudoscalar) and
even (scalar) neutral Higgs bosons. Similar mixing is allowed between charged Higgs and the charged
sleptons. These enlarged scalar and pseudoscalar mass squared matrices in the basis (<H0d ,<H0u,<ν˜α)
and (=H0d ,=H0u,=ν˜α) respectively, are given by
(a) (M2scalar)5×5 =
(
(M2MSSM−scalar)2×2 (S2ν˜αH0i )2×3
(S2
ν˜αH0i
)T (S2ν˜αν˜β )3×3
)
, (3.35)
where i =
(
d
u
)
with α, β = 1, 2, 3 or e, µ, τ and
(S2ν˜αH0d ) = (µεα + 2γgv
′
αv1), (S2ν˜αH0u) = (−Bεα − 2γgv
′
αv2),
(S2ν˜αν˜β ) = εαεβ + γgξυδαβ + 2γgv′αv′β + (m2L˜)αβ , (3.36)
and (b)
(M2pseudoscalar)5×5 =
(
(M2MSSM−pseudoscalar)2×2 (P2ν˜αH0i )2×3
(P2
ν˜αH0i
)T (P2ν˜αν˜β )3×3
)
, (3.37)
with
(P2ν˜αH0d ) = (−µεα), (P
2
ν˜αH0u
) = (Bεα),
(P2ν˜αν˜β ) = εαεβ + γgξυδαβ + (m2L˜)αβ . (3.38)
Here ‘<’ and ‘=’ correspond to the real and imaginary part of a neutral scalar field.
The charged scalar mass squared matrix with the basis choice (H+d , H
+
u ,
˜`+
αR ,
˜`+
αL) looks like
(M2charged scalar)8×8 =
(
(M2MSSM−charged)2×2 (C2˜`
αX
Hi
)2×6
(C2˜`
αX
Hi
)T (C2˜`
αX
˜`
βY
)6×6
)
, (3.39)
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where X,Y = L,R and
(C2˜`
αR
Hd
)1×3 = (Y αβe εβv2 − (AeYe)αβv′β),
(C2˜`
αL
Hd
)1×3 = (µεα − Y αae Y βae v′βv1 +
g22
2
v′αv1),
(C2˜`
αR
Hu
)1×3 = (−µY βαe v′β + Y βαe εβv1), (C2˜`
αL
Hu
)1×3 = (
g22
2
v′αv2 +Bεα),
(C2˜`
αL
˜`
βL
)3×3 = (εαεβ + Y αρe Y
βρ
e v
2
1 + γgξυδαβ −
g22
2
Dαβ + (m2L˜)αβ),
(C2˜`
αR
˜`
βR
)3×3 = (Y ραe Y
σβ
e v
′
ρv
′
σ + Y
ρα
e Y
ρβ
e v
2
1 + (m
2
e˜c)
αβ − g
2
1
2
ξυδαβ),
(C2˜`
αL
˜`
βR
)3×3 = (−µY αβe v2 + (AeYe)αβv1), (3.40)
where Dαβ = {ξυδαβ − v′αv′β}. The soft-terms are assumed to be symmetric. The 2× 2 MSSM scalar,
pseudoscalar and charged scalar mass squared matrices are given in appendix A.
4. In a similar fashion charged leptons (`α ≡ e, µ, τ) mix with charged gauginos as well as with
charged higgsinos and yield an enhanced chargino mass matrix. In the basis, −iλ˜+2 , H˜+u , `+αR (column)
and −iλ˜−2 , H˜−d , `−βL (row)
(Mchargino)5×5 =
 (M charginoMSSM )2×2
(
0
Y ραv′ρ
)
2×3(
g2v
′
α εα
)
3×2 (Y
βαv1)3×3
 . (3.41)
With this enhancement eqn.(2.43) looks like
χ+i = Vi1W˜
+ + Vi2H˜
+
u + Vi,α+2`
+
αR ,
χ−i = Ui1W˜
− + Ui2H˜−d + Ui,α+2`
−
αL . (3.42)
The neutral fermions also behave in a similar manner. The neutralino mass matrix now can
accommodate three light neutrinos (ν ≡ νL) apart from the four MSSM neutralinos. The extended
neutralino mass matrix in the basis B˜0, W˜ 03 , H˜
0
d , H˜
0
u, να is written as
(Mneutralino)7×7 =
(
(MneutralinoMSSM )4×4 ((m)3×4)
T
(m)3×4 (0)3×3
)
, (3.43)
with
(m)3×4 =
(
− g1√
2
v′α
g2√
2
v′α 0 −α
)
. (3.44)
Just like the charginos, for the neutralinos one can rewrite eqn.(2.41) in modified form as
χ0i = Ni1B˜
0 +Ni2W˜
0
3 +Ni3H˜
0
d +Ni4H˜
0
u +Ni,α+4να. (3.45)
Chargino and neutralino mass matrices for MSSM are given in appendix A.
5. In eqn.(3.43) entries of the 4 × 4 MSSM block are ∼ TeV scale, which are  entries of (m)3×4.
Besides, the 3× 3 null matrix (0)3×3 signifies the absence of Majorana mass terms for the left-handed
neutrinos. This matrix has a form similar to that of eqn.(3.26), thus the effective light neutrino mass
matrix is given by (using eqn.(3.27))
mseesaw = −(m)3×4{(MneutralinoMSSM )4×4}−1{(m)3×4}T , (3.46)
or in component form
(mseesaw)αβ =
g21M2 + g
2
2M1
2 Det[(MneutralinoMSSM )4×4]
(µv′α − εαv1)(µv′β − εβv1). (3.47)
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Assuming M1,M2, µ, v1, v2 are ∼ m˜, a generic mass scale (say EWSB scale or the scale of the soft
supersymmetry breaking terms) and g1, g2 ∼ O (1) we get from eqn.(3.47)
(mseesaw)αβ ≈
v′αv
′
β
m˜︸ ︷︷ ︸
I
+
II︷ ︸︸ ︷
εαεβ
m˜
− (εαv
′
β + α↔ β)
m˜︸ ︷︷ ︸
III
. (3.48)
The first term of eqn.(3.48) is coming from the gaugino seesaw effect, which is originating though
the mixing of light neutrinos with either a bino (B˜0) or a neutral wino (W˜ 03 ). This is also another
example for a Type-I (bino) + Type-III (wino) seesaw (see figure 3.6 (a),(b)). The second and third
〈ν˜α〉 〈ν˜β〉
να νβ
B˜0
M1g1 g1
TY
PE
-I
(a)
να νβ
H˜0u H˜
0
u
Mχ˜0εα εβ
(c)
〈ν˜α〉 〈ν˜β〉
να νβ
W˜ 03
M2g2 g2
TY
PE
-II
I
(b)
〈ν˜β〉
να νβ
H˜0u B˜0
W˜ 03
Mχ˜0εα g1, g2
(d)
∆L = 1 ∆L = 1 ∆L = 1 ∆L = 1
∆L = 1 ∆L = 1∆L = 1 ∆L = 1
Figure 3.6: Different types of tree level contributions to the neutrino mass in a bRpV supersymmetric
model. The cross on the neutralino propagator signifies a Majorana mass term for the neutralino.
contributions are represented by (c) and (d) of figure 3.6. There is one extremely important point to
note about this analysis, that is if εα = 0 but Bεα are not, even then v
′
α 6= 0 (see eqn.(3.32)). Thus
even if Rp violation is rotated away from the superpotential, effect of 6Rp in the soft terms can still
trigger non-zero neutrino mass as shown by (a, b) of figure 3.6. However, this analysis is strictly valid
if Bεα 6∝ εα.
If we define µ′α = (µv
′
α − εαv1), then using the following set of relations, namely, g21/(g21 + g22) =
sin2θW , g
2
2/(g
2
1 + g
2
2) = cos
2θW , M
2
Z = (1/2)(g
2
1 + g
2
2)(v
2
1 + v
2
2) and the fact Det[(M
neutralino
MSSM )4×4] =
(g21M2 + g
2
2M1)v1v2µ−M1M2µ2, we get an alternative expression of eqn.(3.48)
(mseesaw)αβ ≈
µ′αµ
′
β
m˜
cos2β, (3.49)
where tanβ = v2/v1 holds good with v
′
α  v1, v2. The problem with this tree level effective light
neutrino mass matrix is that, it gives only one non-zero eigenvalue, given by
mneut =
|µ′α|2
m˜
cos2β. (3.50)
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The only non-zero neutrino mass at the tree level of a bRpV model is suppressed by squared Rp-
violating parameter and also by tan−2β for tanβ  1. With εα ∼ 10−4 GeV and m˜ ∼ 1 TeV one gets
mneut ∼ 10−11 GeV, which is the scale for the atmospheric neutrinos9. But to accommodate three
flavour global data [111,113] one requires at least two massive neutrinos!
 Loop corrections in bilinear R-parity violation
The remedy to this problem can come from the one-loop contributions to the light neutrino masses. The
dominant diagrams are shown in figure 3.7. Before discussing these diagrams and their contributions
further it is worthy to explain the meaning of symbols used in figure 3.7. The quantity B′α denotes
mixing between a left handed sneutrino ν˜α (see eqns.(3.36), (3.38)) and physical MSSM Higgs bosons
(eqn.(2.46)). µ˜α is either εα (ναH˜u mixing, see eqn.(3.44)) or g1v
′
α, g2v
′
α (ναB˜
0, ναW˜
0
3 mixing, see
eqn.(3.44)) (figure (a) and (b)). In figure (c) a blob on the scalar line indicates a mixing between left
and right handed up-type squarks, which exists if one has either gauginos (B˜0, W˜ 03 ) or up-type higgsino
(H˜0u) on both the sides. However, if one puts gauginos on one side and higgsino on the other, then
this left-right mixing is absent. This situation is represented by a void circle on the scalar line around
the blob. In figure (d) gα, gβ represents neutrino-gaugino mixing (eqn.(3.44)). f denotes a down-type
fermion, that is either a charged lepton, (`k = e, µ, τ) or a down quark, (dk = d, s, b). There also
exist more complicated diagrams for down-type fermion loops as shown in figure (e, f). ηχ represents
mixing of a down-type higgsino with neutral gauginos and up-type higgsino (see eqn.(A.7)). The last
two diagrams (g, h) arise from chargino-charged scalar contribution to neutrino mass. A cross on
the fermion line represents a mass insertion, responsible for a chirality flip. In all of these diagrams
∆L = 2 effect is coming from a pair of ∆L = 1 contributions. For diagrams (g, h) the blobs and the
cross represent mixing only without any chirality flip (see eqns.(3.40),(3.41)).
These diagrams are shown for a general basis where both of the bilinear Rp-violating parameters
(εα) and sneutrino VEVs (v
′
α) are non-vanishing. When v
′
α = 0, using the minimization condition for
left sneutrinos (eqn. (3.32)), diagram (a) of figure 3.7 reduces to the well-known BB-loop [228, 281,
285,296].
This BB loop can either give mass to one more neutrino state (not to that one which was already
massive at the tree level so long Bεα 6∝ εα) when sneutrino masses are degenerate or can contribute to
all three light neutrino masses with non-degenerate sneutrinos. Assuming all the scalar and neutralino
masses ∼ m˜, an approximate expression for this loop contribution to light neutrino masses with
degenerate sneutrinos is given by [296,297].
mBBαβ '
g22
64pi2 cos2 β
B′αB
′
β
m˜3
. (3.51)
It is important to mention that in order to generate solar neutrino mass square difference using loop
corrections one should naively expect B′ ∼ (0.1−1) GeV2, with the assumption of normal hierarchical
structure in light neutrino masses.
In a similar fashion the loop shown by diagram (b) of figure 3.7 is an example of the µB-type
loop at v′α = 0 [281, 285, 296, 297]. This loop involves neutrino-gaugino or neutrino-higgsino mixing
(collectively labeled as µ˜α, see eqn.(3.44)) together with sneutrino-Higgs mixing (B
′
β , see eqns.(3.36),
(3.38), (2.46)). Assuming all the masses (Higgs, sneutrino, neutralino) are at the weak scale m˜, an
approximate contribution is given by [281,285,296,297]
mµBαβ '
g22
64pi2 cosβ
µ˜αB
′
β + µ˜βB
′
α
m˜2
. (3.52)
It is evident from the structure of right hand side of eqn.(3.52) that the µB loop contributes to
more than one neutrino masses. However, presence of µ˜α makes this loop contribution sub-leading to
neutrino masses compared to the BB loop [294, 296, 297]. For large values of tanβ (tanβ  1) the
BB-loop and the µB-loop are enhanced by tan2 β and tanβ, respectively.
Contributions to neutrino masses from quark-squark loops are given by diagrams (c, d, e, f) of figure
3.7. Diagram (c) represents an up-type quark-squark loops. This diagram can yield large contribution
9Assuming normal hierarchy in light neutrino masses.
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Figure 3.7: Neutrino mass generation through loops in a model with bRpV . For details of used symbols
see text.
to neutrino mass particularly when it is a top-stop (t − t˜) loop, because of the large top Yukawa
coupling, Yt. This loop contribution is proportional to µ˜αµ˜β , which is exactly same as the tree level
one (see eqn.(3.49)), thus this entire effect eventually gives a correction to a neutrino mass which is
already massive at the tree level [302]. An approximate expression for this loop is given by
muku˜kαβ (no blob) '
Ncf
2
uu˜
16pi2
muk µ˜αµ˜β
m˜2
, muku˜kαβ (blob) '
Ncf
2
uu˜
16pi2
m2uk µ˜αµ˜β
m˜3
, (3.53)
where muk is the mass of up-quark of type k. The coupling factor f
2
uu˜ is either gigj or giYuk
10 with
i = 1, 2. Nc is the colour factor which is 3 for quarks. For the case of left right sfermion mixing we use
the relation
m2
LR
f˜k
≈ mfkm˜. (3.54)
In a similar fashion for a down type fermion-sfermion, fk − f˜k (charged lepton-slepton or down
quark-squark) (see diagram (d) of figure 3.7) an approximate expression is given by (using eqn.(3.54))
mfkf˜kαβ '
Ncf
2
ff˜
16pi2
m2fkgαgβ
m˜3
, (3.55)
where mfk is the mass of down-type fermion of type k
11. Nc = 3 for quarks but = 1 for leptons. The
coupling factor f2
ff˜
is gigj with i = 1, 2. The quantity gα denotes mixing between a neutrino and a
10uk ≡ u, c, t.
11 f = dk ≡ d, s, b or f = `k ≡ e, µ, τ .
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gaugino. However, for down-type fermion-sfermion there exist other complicated loop diagrams like
(e, f) [302] of figure 3.7. These loops give contribution of the approximate form
m′fkf˜kαβ '
Ncf
′2
ff˜
ηχ
16pi2
mfk(µ˜αgβ + α↔ β)
m˜3
, (3.56)
for diagram (e) and
m′′fkf˜kαβ '
Ncf
′′2
ff˜
η2χ
16pi2
m2fk µ˜αµ˜β
m˜5
, (3.57)
for diagram (f), respectively. The quantity f ′2
ff˜
is giYfk whereas f
′′2
ff˜
represents Y 2fk with i = 1, 2
and Yfk being either charged lepton or down quark Yukawa couplings. It is apparent that eqns.(3.55),
(3.57) once again contribute to the “same neutrino” which is already massive at the tree level. However,
eqn.(3.56) will contribute to more than one neutrino masses. Note that since contributions of these
set of diagrams are proportional to the fermion mass, mfk , they are important only for bottom quark
and tau-lepton along with the corresponding scalar states running in the loop.
Diagrams (g, h) are the chargino-charged scalar loop contributions to light neutrino mass [301]. An
approximate form for these loops are given by
m
(g)
αβ '
g22Y`k
16pi2
v′αB
′′
β
m˜
, m
(h)
αβ '
Y 3`k
16pi2
v′αB
′′
β
m˜
, (3.58)
where Y`k are the charged lepton Yukawa couplings and B
′′
β (∼ B′) represents a generic charged slepton-
charged Higgs mixing (see eqn.(3.40)). These contributions vanishes identically when v′α = 0. These
contributions being proportional to small parameters like v′, Y`, are much smaller compared to the other
types of loops. Various couplings needed here can be found in references like [254,280,295,366–369].
 Trilinear R-parity violation and loop corrections
The so-called trilinear couplings, contribute to light neutrino mass through loops only [228, 264, 281,
296]. Possible diagrams are shown in figure 3.8.
∆L = 1
λασρ λβσρνα νβ
lσR lσL
l˜ρL l˜ρR (a)
∆L = 1
λ′ασρ λ
′
βσρνα νβ
dσR dσL
d˜ρL d˜ρR (b)
Figure 3.8: Neutrino mass generation through loops in a model with tRpV .
Using eqn.(3.54) these contributions can be written as
mλλαβ '
Ncλασρλβσρ
8pi2
m`σm`ρ
m˜
, mλ
′λ′
αβ '
Ncλ
′
ασρλ
′
βσρ
8pi2
mdσmdρ
m˜
, (3.59)
where Nc is 1(3) for λλ(λ
′λ′) loop. Contributions of these diagrams are suppressed by squared Rp
violating couplings λ2, λ′2 and squared charged lepton, down-type quark masses apart from usual loop
suppression factor. Thus usually these loop contributions are quiet small [264].
 Loop corrections in bRpV + tRpV
There also exist a class of one-loop diagrams which involve both bilinear and trilinear Rp violat-
ing couplings, as shown figure 3.9 [281, 285, 296, 297]. One can write down these loop contributions
approximately as
(i) mµfαβ '
Ncµ˜αηχYfσfβσσ
16pi2
m2fσ
m˜3
+ α↔ β, (3.60)
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∆L = 1
fβσσ
∆L = 1
να
µ˜α ηχ
H˜0u
H˜0dB˜
0, W˜ 03
νβ
fσR fσL
f˜σL f˜σR
(a)
∆L = 1
fβσσ
∆L = 1
να
gα
B˜0
W˜ 03
νβ
fσR fσL
f˜σR
(b)
Figure 3.9: Neutrino mass generation through loops in a model with both bRpV and tRpV . f˜σ is either
a charged slepton with fβσσ = λβσσ or a down-type squark with fβσσ = λ
′
βσσ. µ˜α, ηχ, gα are same as
explained in figure 3.8. The cross have similar explanation as discussed in figure 3.7.
for diagram (a) where Nc = 1(3) for charged lepton (down-type quark), Yfσ is either a charged lepton
or a down-type Yukawa coupling and
(ii) mµfαβ '
Ncgαgifβσσ
16pi2
mfσ
m˜
+ α↔ β, (3.61)
for diagram (b). The quantity fασσ represents either λασσ or λ
′
ασσ couplings. gα represents a neutrino-
gaugino mixing (see eqn.(3.44)). i = 1, 2. These contributions are suppressed by a pair of Rp-violating
couplings (µλ/µλ′) or product of sneutrino VEVs and trilinear Rp-violating couplings (v′λ/v′λ′), a loop
factor and at least by a fermion mass (∝ Yukawa coupling) [296, 297]. Also contributions of diagram
(a) is negligible compared to that of (b) by a factor of squared Yukawa coupling. Contributions of
these loops are second order in the above mentioned suppression factors (similar to that of µB loop)
once the tree level effect is taken into account.
There are literature where these loop contributions are analysed in a basis independent formalism
[281, 285, 297] (also see refs. [263, 282, 370–372] for basis independent parameterizations of 6Rp). For
this discussion we stick to the “mass insertion approximation” but alternatively it is also possible to
perform these entire analysis in physical or mass basis [254,280,301]. The mass insertion approximation
works well since the effect of Rp-violating parameters are expected to be small in order to account for
neutrino data. All of these calculations are performed assuming no flavour mixing for the sfermions.
 A comparative study of different loop contribution
Usually the trilinear loops (λλ, λ′λ′) are doubly Yukawa suppressed (through fermion masses) and
they yield rather small contributions. The µB-type, µλ, µλ′ loop contributions to the light neutrino
masses are second order in suppression factors. The µλ, µλ′ loop contributions are also suppressed
by single Yukawa coupling. The Yukawa couplings (either double or single) are also present in the
quark-squark or charged lepton-slepton loops. However, in most of the occasions they give corrections
to the tree level neutrino mass, though other contributions can also exist (see eqn.(3.56)). These loops
are sometimes dominant [267, 280, 295] provided the BB-type loop suffers large cancellation among
different Higgs contributions. In general the second neutrino receives major contribution from the BB
loop.
In the situation when tanβ is large, the tree level contribution (see eqn.(3.49)) can be smaller
compared to the loop contributions. In this situation, the tree level result usually account for the solar
neutrino mass scale whereas the loop corrections generate the atmospheric mass scale. In conventional
scenario when tree level effect is leading, it is easy to fit the normal hierarchical spectrum of neutrino
mass in an Rp-violating theory.
3.4 Testing neutrino oscillation at Collider
We have already spent enough time to discuss the issue of light neutrino mass generation. It is then
legitimate to ask what are the possible experimental implications of a massive neutrino? It was first
advocated in ref. [331] that in a simple supersymmetric model with only bRpV it is possible to get some
kind of relation between the neutrino sector and the decays of the LSP. This kind of model predicts
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comparable numbers of muons and taus, produced together with the W -boson, in decays of the lightest
neutralino. Usually for an appreciable region of parameter space the lightest neutralino is the LSP.
Additionally, the appearance of a measurable “displaced vertex” was also addressed in ref. [331] which
is extremely useful for a collider related study to efface undesired backgrounds. This novel feature also
has been addressed in refs. [265, 270, 286, 345]. See also refs. [248, 339, 373–376] for tests of neutrino
properties at accelerator experiments.
The correlation between a LSP decay and neutrino physics is apparent for supersymmetric models
with bilinear 6Rp, since the same parameter εα is involved in both the analysis. For example, if the
neutralino LSP, χ˜01 decays into a charged lepton and W -boson [331] then following [272, 286] one can
get approximately
(χ˜01 → µ±W∓)
(χ˜01 → τ±W∓)
'
(
µ′µ
µ′τ
)2
= tan2 θ23, (3.62)
where µα = µv
′
α − εαv1 with α = e, µ, τ and tan2 θ23 is the atmospheric mixing angle. Similar
correlations with trilinear 6Rp parameters are lost [270] since the model became less predictive with a
larger set of parameters. A rigorous discussion of these correlations has been given in ref. [344].
We note in passing that when the LSP is no longer stable (due to 6Rp) it is not necessary for them
to be charge or colour neutral [377–379]. With broken Rp any sparticle (charginos [380], squarks,
gluinos [381–383], sneutrinos [384], (see also ref. [379])) can be the LSP. It was pointed out in ref. [339]
that whatever be the LSP, measurements of branching ratios at future accelerators will provide a
definite test of bilinear Rp breaking as the model of neutrino mass.
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Chapter 4
µνSSM: neutrino masses and mixing
4.1 Introducing µνSSM
As discussed earlier, the minimal supersymmetric standard model (MSSM) is not free from drawbacks.
We have addressed these issues in the context of the µ-problem [1] and light neutrino mass generation.
Supersymmetric theories can accommodate massive neutrinos either through 6Rp or using seesaw mech-
anism. Regarding the µ-problem, as discussed in section 2.9, a simple solution is given by the NMSSM.
There exist a host of NMSSM models where the superpotential contains either explicit Rp-violating
couplings [2–8] or use spontaneous violation of Rp [9] to accommodate light neutrino masses apart
from offering a solution to the µ-problem. Unfortunately, NMSSM models of neutrino mass generation
with bRpV suffer from the -problem [10]. Besides, with bilinear 6Rp not all the neutrino masses are
generated at the tree level. Thus loop corrections are unavoidable to account for the three flavour
oscillation data. Loop effects are compulsory for models with tRpV where all of the neutrino masses
appear at loop level. Certainly, larger number of trilinear couplings reduce the predictability of these
models. An elegant alternative is given by NMSSM models with spontaneous 6Rp where apart from
a singlet superfield, Sˆ (to solve the µ-problem) one requires a right-handed neutrino superfield, νˆc to
accommodate massive neutrinos. The issues of light neutrino mass generation together with a solution
to the µ-problem in Rp-conserving NMSSM models have been addressed in references [11–13].
So, in a nutshell, the well-known NMSSM models of neutrino mass generation either suffer from
the naturalness problem or are less predictive due to the presence of either large number of couplings
or additional superfields. Now following the structure of the SM it seems rather natural to add right-
handed neutrino superfields with the MSSM superfields in order to generate neutrino masses. Also
being a SM gauge singlet, a right-handed neutrino superfield, νˆc can act as a viable alternative for the
singlet field (Sˆ) of NMSSM used to solve the µ-problem.
The novel idea of solving the µ-problem and light neutrino mass generation simultaneously in a
supersymmetric model using only right-handed neutrino superfields, νˆci was advocated in ref. [14]. This
model is popularly known as the “µ from ν” supersymmetric standard model or µνSSM [14]. Details
of this model will be provided in the next sub-section.
In this chapter we plan to discuss the µνSSM model first with necessary details like neutral scalar
potential, minimization conditions, scalar sector, fermionic sector etc. and later we aim to discuss the
issues of light neutrino masses and mixing in the µνSSM at the tree level as well as with one-loop
radiative corrections.
4.2 The model
In this section we introduce the model along the lines of ref. [14], discuss its basic features and set our
notations. Throughout this thesis we consider three generations of right-handed neutrino superfield
(νˆci ) apart from the MSSM superfields as proposed in ref. [14]. We start with the model superpotential
and the soft terms and continue our discussion with the minimization conditions later.
z Superpotential
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The µνSSM superpotential is given by
WµνSSM = W
′MSSM
+ abY
ij
ν Hˆ
b
uLˆ
a
i νˆ
c
j − abλiνˆci Hˆad Hˆbu︸ ︷︷ ︸
∆L=1
+
∆L=3︷ ︸︸ ︷
1
3
κijkνˆci νˆ
c
j νˆ
c
k, (4.1)
where W
′MSSM
is the MSSM superpotential (see eqns.(2.36), (2.55)) but without the abµHˆ
a
d Hˆ
b
u-term.
The superfields Hˆd, Hˆu, Lˆi are usual MSSM down-type Higgs, up-type Higgs and SU(2)L doublet lepton
superfields. Since right-handed neutrinos carry a non-zero lepton number, the third and fourth terms
of eqn.(4.1) violate lepton number by odd unit(s) (one and three, respectively). Violation of lepton
number by odd units is the source of 6Rp (eqn.(2.52)) is µνSSM.
It is important to mention the implications of different terms of eqn.(4.1) at this stage.
• The second term abY ijν HˆbuLˆai νˆcj respects lepton number conservation to start with. However, after
EWSB these terms give rise to effective bilinear Rp-violating terms as ε
iLiHu with ε
i = Y ijν v
c
j . v
c
j
denotes the VEV acquired by j-th right-handed sneutrino. Besides, a term of this kind also give rise
to Dirac neutrino mass matrix with entries as mDij = Y
ij
ν v2.
• The third term abλiνˆci Hˆad Hˆbu after EWSB generates an effective µ-term as µ =
∑
λiv
c
i . This term
violates lepton number by one unit.
• The last term 13κijkνˆci νˆcj νˆck violates lepton number by three units. Note that this term is allowed by
all possible symmetry arguments. Now if κijk = 0 to start with then the Lagrangian has a global U(1)
symmetry which is broken spontaneously by the VEVs of the scalar fields and leads to unacceptable
massless axion. In order to avoid axions non-zero values for κijk are essential [15]. Besides, after
EWSB the last term of eqn.(4.1) produces entries for the right-handed neutrino Majorana mass matrix
as mνcij = 2κ
ijkvck.
• As already mentioned, a Z3 symmetry is imposed on the µνSSM superpotential (eqn.(4.1)) to forbid
appearance of any bilinear term. This feature is similar to the NMSSM models as stated in section 2.9.
Thus similar to the NMSSM, the µνSSM also suffers from the problem of cosmological domain wall
formation [16–18]. However, the problem can be ameliorated through well known methods [19–21].
• The conventional trilinear couplings λijk, λ′ijk (see eqn.(2.50)) can be generated in µνSSM at one-loop
level as shown in figure 4.1 [22].
H˜d
λn
Y jkd (Y
jk
e )
Y inν Li
Hu
νcn
d˜ck(e˜
c
k)
Qj(Lj)
Figure 4.1: One-loop generation of the λijk, λ′ijk terms in the superpotential. These terms are propor-
tional to product of two Yukawa couplings and λ. Product of two Yukawa couplings assures smallness
of the λijk, λ′ijk couplings.
A term of the type YνLHuν
c has been considered also in ref. [23] in the context of light neutrino
mass generation, but without offering any attempts to solve the µ-problem. In ref. [24] couplings of the
form YνLHuν
c and λHdHuν
c were considered along with Majorana mass terms 12M
ijνci ν
c
j for right-
handed neutrinos. However, in this case the contribution of λHdHuν
c for generating the µ-term is
negligible because the right-handed sneutrinos (ν˜ci ) , being super heavy, do not acquire sizable vacuum
expectation values. In reference [24] the term λHdHuν
c has been utilized for the purpose of thermal
seesaw leptogenesis.
z Soft terms
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Confining ourselves in the framework of supergravity mediated supersymmetry breaking, the La-
grangian LµνSSMsoft , containing the soft-supersymmetry-breaking terms is given by
−LµνSSMsoft = −L
′MSSM
soft + (m
2
ν˜c)
ij ν˜c
∗
i ν˜
c
j
+ {ab(AνYν)ijHbuL˜ai ν˜cj − ab(Aλλ)iν˜ciHadHbu
+
1
3
(Aκκ)
ijkν˜ci ν˜
c
j ν˜
c
k + h.c}, (4.2)
where L′MSSMsoft denotes LMSSMsoft without the Bµ term (see eqn.(2.37)). (m2ν˜c)ij denote soft square
masses for right-handed sneutrinos.
z Scalar potential and minimization
The tree-level scalar potential receives the usual D and F term (see eqn.(2.38), where
∣∣∣∂WµνSSM∂φµνSSM ∣∣∣2 ≡
F ∗F with φ as any superfields of the µνSSM) contributions, in addition to the terms from LµνSSMsoft .
We adhere to the CP -preserving case, so that only the real parts of the neutral scalar fields develop,
in general, the following VEVs,
〈H0d〉 = v1 , 〈H0u〉 = v2 , 〈ν˜i〉 = v′i , 〈ν˜ci 〉 = vci . (4.3)
In eqn.(4.3) i = 1, 2, 3 ≡ e, µ, τ . The tree level neutral scalar potential looks like [14,22,25–27]
〈Vneutral〉 =
∣∣∣∣∣∣
∑
i,j
Y ijν v
′
iv
c
j −
∑
i
λivci v1
∣∣∣∣∣∣
2
+
∑
j
∣∣∣∣∣∣
∑
i
Y ijν v
′
iv2 − λjv1v2 +
∑
i,k
κijkvci v
c
k
∣∣∣∣∣∣
2
+
∣∣∣∣∣∑
i
λivci v2
∣∣∣∣∣
2
+
∑
i
∣∣∣∣∣∣
∑
j
Y ijν v2v
c
j
∣∣∣∣∣∣
2
+ (
g21 + g
2
2
8
)
[∑
i
|v′i|2 + |v1|2 − |v2|2
]2
+
∑
i,j
(AνYν)
ijv′iv
c
jv2 −
∑
i
(Aλλ)
ivci v1v2 + H.c.

+
∑
i,j,k
1
3
(Aκκ)
ijkvci v
c
jv
c
k + H.c.
+∑
i,j
(m2
L˜
)ijv′i
∗
v′j
+
∑
i,j
(m2ν˜c)
ijvc
∗
i v
c
j +m
2
Hu |v2|2 +m2Hd |v1|2. (4.4)
One important thing is to notice that the potential is bounded from below because the coefficient of
the fourth power of all the eight superfields are positive (see eqn.(4.4)). We shall further assume that
all the parameters present in the scalar potential are real. From eqn.(4.4), the minimization conditions
with respect to vci , v
′
i, v2, v1 are
2
∑
j
uijc ζ
j +
∑
k
Y kiν r
k
c v
2
2 +
∑
j
(m2ν˜c)
jivcj + ρ
iη + µλiv22 + (Axx)
i = 0,
∑
j
Yν
ijv2ζ
j +
∑
j
(m2
L˜
)jiv′j +
∑
j
(AνYν)
ijvcjv2 + γgξυv
′
i + r
i
cη = 0,∑
j
ρjζj +
∑
i
ric
2
v2 +
∑
i
(AνYν)
ijv′iv
c
j −
∑
i
(Aλλ)
ivci v1 +X
uv2 = 0,
−
∑
j
λjv2ζ
j − µ
∑
j
rjcv
′
j −
∑
i
(Aλλ)
ivci v2 +X
dv1 = 0, (4.5)
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with Xu = m2Hu + µ
2 − γgξυ, Xd = m2Hd + µ2 + γgξυ and
(Axx)
i =
∑
j
(AνYν)
jiv′jv2 +
∑
j,k
(Aκκ)
ijkvcjv
c
k − (Aλλ)iv1v2,
ric = ε
i =
∑
j
Y ijν v
c
j , r
i =
∑
j
Y ijν v
′
j , u
ij
c =
∑
k
κijkvck,
ζj =
∑
i
uijc v
c
i + r
jv2 − λjv1v2, µ =
∑
i
λivci , ρ
i = ri − λiv1,
η =
∑
i
ricv
′
i − µv1, γg =
1
4
(g21 + g
2
2), ξυ =
∑
i
v′2i + v
2
1 − v22 .
(4.6)
In deriving the above equations, it has been assumed that κijk, (Aκκ)
ijk, Y ijν , (AνYν)
ij , (m2ν˜c)
ij ,
(m2
L˜
)ij are all symmetric in their indices.
It is important to know that now the Majorana masses for right-handed neutrinos (2κijkvck) are at
the TeV scale with κ ∼ O (1) and TeV scale vci (see first one of eqn.(4.5)). For neutrino Dirac masses
(Y ijν v2) ∼ 10−4 GeV the neutrino Yukawa couplings (Y ijν ) must also be very small ∼ O (10−7), in
order to get correct neutrino mass scale using a seesaw mechanism involving TeV scale right-handed
neutrino. This immediately tells us that in the limit Y ijν → 0, (see second one of eqn.(4.5)) v′i → 0. So
in order to get appropriate neutrino mass scale both Y ijν and v
′
i have to be small.
Ignoring the terms of the second order in Y ijν and considering (v
′2
i + v
2
1 − v22) ≈ (v21 − v22) (which is
a good approximation), and (m2
L˜
)ij = (m2
L˜
)δij , we can easily solve second one of eqn.(4.5) as (using
eqn. (4.6))
v′i ≈ −
{
Yν
ikukjc v2 − µv1Y ijν + (AνYν)ijv2
γg(v21 − v22) + (m2L˜)
}
vcj +
{
Yν
ijλjv1v
2
2
γg(v21 − v22) + (m2L˜)
}
. (4.7)
Note from eqn.(4.7), that the left-handed sneutrinos can acquire, in general, non-vanishing, non-
degenerate VEVs even in the limit of zero vacuum expectation values of the gauge singlet sneutrinos
[25]. However, zero VEVs of all the three gauge singlet sneutrinos is not an acceptable solution since
in that case no µ-term (
∑
λiv
c
i ) will be generated. It is essential to ensure that the extremum value
of the potential corresponds to the minimum of the potential, by studying the second derivatives.
The neutral scalar potential and the minimization conditions in µνSSM but for complex VEVs,
have been discussed in ref. [28] in the context of spontaneous CP violation and its implications in
neutrino physics.
4.3 Scalar sector of µνSSM
It is evident from eqns.(4.1) and (4.2) that lepton number (L) is no longer conserved in µνSSM. In this
situation states having zero lepton number can mix with states having L 6= 0. These lepton number
violating mixings in turn result in larger (8 × 8) mass squared matrices for CP -even neutral scalar,
CP -odd neutral pseudoscalar and charged scalar states. This is a consequence of the fact that in
µνSSM three generations of left and right-handed sneutrinos can mix with neutral Higgs bosons. In a
similar fashion charged sleptons mix with the charged Higgs bosons. The enhancement over the 2× 2
MSSM structure (see appendix A) is phenomenologically very rich. Detailed structures for neutral
scalar, pseudoscalar and the charged scalar mass squared matrices are given in appendix B. In our
numerical analysis we confirm the existence of two charged and one neutral Goldstone boson(s) in
the charged scalar and pseudoscalar sector. In addition, we have checked that all the eigenvalues of
the scalar, pseudoscalar, and charged scalar mass-squared matrices (apart from the Goldstone bosons)
appear to be positive (non-tachyonic) for a minima. These matrices are addressed in refs. [22, 25, 26].
In appendix B squark mass squared matrices are also addressed [22,25].
Before discussing the scalar sector of this model further, it is important to point out the approxima-
tion and simplification used for involved numerical analysis. For numerical calculations we assume all
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soft-masses, λi, κijk and the corresponding soft parameters (Aλλ)
i, (Aκκ)
ijk to be flavour diagonal as
well as flavour blind. However the neutrino Yukawa couplings (Y ijν ) and the respective soft parameters
(AνYν)
ij are chosen to be flavour diagonal. For simplicity all three right sneutrino VEVs are assumed
to be degenerate (vc). Mathematically,
κijk = κδijδjk, (Aκκ)
ijk = (Aκκ)δ
ijδjk,
Y ijν = Y
ii
ν δ
ij , (AνYν)
ij = (AνYν)
iiδij ,
λi = λ, (Aλλ)
i = (Aλλ), v
c
i = v
c,
(m2
L˜
)ij = (m2
L˜
)δij , (m2ν˜c)
ij = (m2ν˜c)δ
ij . (4.8)
Coming back to the scalar sector of the µνSSM, apart from excluding the corner of parameter space
responsible for tachyons, additional constraints on the parameter space can come from the existence
of false minima as well as from the perturbativity of the model parameters (free from Landau pole).
A detailed discussion on this issue has been presented in ref. [22] and the regions excluded by the
existence of false minima have been shown. One can check from these figures that mostly the lower
part of the region allowed by the absence of tachyons, are excluded by the existence of false minima.
In our analysis, we have chosen the parameter points in such a way that they should be well above the
regions disallowed by the existence of false minima. Nevertheless, in the case of gauge-singlet neutrino
(νc) dominated lightest neutralino (to be discussed in the next chapter), the value of κ that we have
chosen is 0.07 with two different values of λ, namely, 0.1 and 0.29. In this case, there is a possibility
that these points might fall into the regions disallowed by the existence of false minima. However, we
have checked that even if we take the value of κ to be higher (0.2 or so), with appropriately chosen
λ, our conclusions do not change much. For such a point in the parameter space, it is likely that the
existence of false minima can be avoided.
Let us also mention here that the sign of the µ-term is controlled by the sign of the VEV vc
(assuming a positive λ), which is controlled by the signs of Aλλ and Aκκ. If Aλλ is negative and
Aκκ is positive then the sign of the µ parameter is negative whereas for opposite signs of the above
quantities, we get a positive sign for the µ parameter.
The eigenvalues of the scalar mass-squared matrices and the right-handed sneutrino VEVs (vc) are
not very sensitive to the change in neutrino Yukawa couplings (Yν ∼ O (10−7)) and the corresponding
soft parameter AνYν (∼ O (10−4) GeV). On the other hand, the values of tanβ and the coefficients λ
and κ are very important in order to satisfy various constraints on the scalar sector mentioned earlier.
In figure 4.2, we have plotted the allowed regions in the (λ–κ) plane for tanβ = 10 [25]. Relevant
parameters are given in table 4.1.
Figure 4.2: Allowed regions in (λ–κ) plane which satisfy various constraints on the scalar sector,
for tanβ = 10. λ and κ were allowed to vary from 0.005 to 0.50 and 0.005 to 0.70, respectively.
Corresponding set of other parameters are given in table 4.1.
The upper limit of the value of κ is taken to be ∼ 0.7 because of the constraints coming from the
existence of Landau pole [22]. With the values of different parameters satisfying the constraints in the
scalar sector (see figure 4.2), we will go on to calculate the neutrino masses and the mixing patterns
in the next few sections.
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Parameter Chosen Value Parameter Chosen Value
(Aλλ) 1000× λ GeV (Aκκ) 1000× κ GeV
Y 11ν 5.0× 10−7 (AνYν)11 5.0× 10−4 GeV
Y 22ν 4.0× 10−7 (AνYν)22 4.0× 10−4 GeV
Y 33ν 3.0× 10−7 (AνYν)33 3.0× 10−4 GeV
m2
L˜
4002 GeV2 m2ν˜c 300
2 GeV2
Table 4.1: Relevant parameter choices for figure 4.2 consistent with the EWSB conditions and non-
tachyonic nature for squared scalar masses. Eqn.(4.8) has been used and we choose tanβ = 10.
It is also important to discuss the bounds on the lightest Higgs boson mass in µνSSM. Neglecting
small neutrino Yukawa couplings Y ijν , the tree level upper bound on the lightest neutral Higgs mass
[15,29–32] is given by (see eqn.(2.57))
m
′2
h0 .M2Z
[
cos2 2β + 3.62 λiλi sin
2 2β
]
. (4.9)
Apparently, one can optimize this bound by choosing small tanβ and large λiλi values simultaneously.
Similar to the NMSSM [33–35] the upper bound for the lightest SU(2)L doublet-like Higgs boson mass
in the µνSSM is ∼ 140 GeV for tanβ ∼ 2 [22]. Such a conclusion strictly demands small mixing among
the MSSM Higgs and the right-handed sneutrinos ν˜ci (see eqns. (B.13), (B.14)).
It should be mentioned at this point that the radiative corrections to the lightest Higgs boson mass,
can be significant in some regions of the parameter space as discussed in ref. [22]. It has been shown
that the light Higgs mass larger than the LEP lower limit of 114 GeV can be obtained with the value
of At (trilinear coupling in the scalar sector for the stop) within 1-2.4 TeV and when the mixing of
the light Higgs with the right-handed sneutrino is small. The latter requirement is fulfilled in most of
the cases that we have considered and in some cases the mixing is slightly larger. However, there is
always the freedom of choosing the value of At appropriately. Hence, it would be fair to say that the
experimental limits on the light Higgs boson mass can be satisfied in our analysis.
Before starting the next section we want to emphasize that the parameters chosen for our numerical
analysis are just for illustrative purpose. These are not some particular and specific choices in some
sacred corner of the model space. Since we have a large parameter space, it is always possible to
choose a different parameter point with the same characteristic features satisfying all the experimental
constraints.
4.4 Fermions in µνSSM
Effect of 6Rp in the superpotential and in the soft terms (eqns.(4.1), (4.2)) is responsible for enrichment
in the scalar sector. In an identical fashion, the neutral and the charged fermion mass matrices also
receive enhancement through lepton number violating couplings.
z Neutralino mass matrix
The neutral fermions of the MSSM (B˜0, W˜ 03 , H˜
0
d , H˜
0
u), through second, third and fourth terms of
µνSSM superpotential (eqn.(4.1)), can mix with three generations of left and right-handed neutrinos,
νi and ν
c
i respectively. The neutralino mass matrix for µνSSM is thus a 10 × 10 symmetric matrix
[14,22,25–27].
In the weak interaction basis defined by
Ψ0
T
=
(
B˜0, W˜ 03 , H˜
0
d , H˜
0
u, ν
c
α, να
)
, (4.10)
where α = 1, 2, 3 ≡ e, µ, τ . The neutral fermion mass term in the Lagrangian is of the form
Lmassneutral = −
1
2
Ψ0
TMnΨ0 + H.c., (4.11)
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The massless neutrinos now can acquire masses due to their mixing with the MSSM neutralinos and
the gauge singlet right-handed neutrinos. The three lightest eigenvalues of this 10×10 neutralino mass
matrix correspond to the three light physical neutrinos, which are expected to be very small in order
to satisfy the experimental data on massive neutrinos (see table 3.1). The matrix Mn can be written
in the following fashion
Mn =
(
M7×7 mT3×7
m3×7 03×3
)
, (4.12)
where using eqn.(4.6)
M7×7 =

M1 0 − g1√2v1
g1√
2
v2 0 0 0
0 M2
g2√
2
v1 − g2√2v2 0 0 0
− g1√
2
v1
g2√
2
v1 0 −µ −λev2 −λµv2 −λτv2
g1√
2
v2 − g2√2v2 −µ 0 ρe ρµ ρτ
0 0 −λev2 ρe 2ueec 2ueµc 2ueτc
0 0 −λµv2 ρµ 2uµec 2uµµc 2uµτc
0 0 −λτv2 ρτ 2uτec 2uτµc 2uττc

, (4.13)
and
m3×7 =

− g1√
2
v′e
g2√
2
v′e 0 r
e
c Y
ee
ν v2 Y
eµ
ν v2 Y
eτ
ν v2
− g1√
2
v′µ
g2√
2
v′µ 0 r
µ
c Y
µe
ν v2 Y
µµ
ν v2 Y
µτ
ν v2
− g1√
2
v′τ
g2√
2
v′τ 0 r
τ
c Y
τe
ν v2 Y
τµ
ν v2 Y
ττ
ν v2
 . (4.14)
Note that the top-left 4 × 4 block of the matrix M7×7 is the usual neutralino mass matrix of the
MSSM (see eqn.(A.7)). The bottom right 3× 3 block represents the Majorana mass matrix for gauge
singlet neutrinos, which will be taken as diagonal (see eqn.(4.8)) in the subsequent analysis. The
entries of M7×7 are in general of the order of the electroweak scale whereas the entries of m3×7 are
much smaller ∼ O (10−5) GeV. Hence, the matrix (4.12) has a seesaw structure, which will give rise
to three very light eigenvalues corresponding to three light neutrinos. The correct neutrino mass scale
of ∼ 10−2 eV can easily be obtained with such a structure of the 10 × 10 neutralino mass matrix. It
has been shown in ref. [25] that one can obtain the correct mass-squared differences and the mixing
pattern for the light neutrinos even with the choice of flavour diagonal neutrino Yukawa couplings in
eqn.(4.14). Besides, the choice of flavour diagonal neutrino Yukawa couplings (eqn.(4.8)) makes the
analysis simpler with a reduced number of parameters and makes the model more predictive. As we
will show later, it is possible to find out the correct mixing pattern and the mass hierarchies (both
normal and inverted) among the light neutrinos in such a situation, even at the tree level [25].
In order to obtain the physical neutralino states, one needs to diagonalize the 10× 10 matrixMn.
As in the case of MSSM, the symmetric mass matrixMn can be diagonalized with one unitary matrix
N. The mass eigenstates χ0i are related to flavour eigenstates Ψ
0
j (eqn.(4.10)) as
χ0i = Ni1B˜
0 + Ni2W˜
0
3 + Ni3H˜
0
d + Ni4H˜
0
u + Ni,α+4ν
c
α + Ni,α+7να. (4.15)
where the 10× 10 unitary matrix N satisfies
N∗MnN−1 =M0D = diag(mχ˜0i ,mνj ), (4.16)
with the diagonal neutralino mass matrix denoted as M0D. i and j runs from 1 to 7 and 1 to 3,
respectively. The quantity mχ˜0i represent neutralino masses. Physical neutrino masses are being
represented by mνj . It is, in general, very difficult to predict the nature of the lightest neutralino (out
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of seven χ0i ) state since that depends on several unknown parameters. Neutralino mass matrix for
µνSSM with complex VEVs is given in ref. [28].
z Chargino mass matrix
Similar augmentation in the charged lepton sector result in a 5×5 chargino mass matrix where the
charged electroweak gauginos (−iλ˜±2 ) and higgsinos (H˜+u , H˜−d ) mix with charged leptons through Rp
violating couplings. These mixings are coming from the second term of eqn.(4.1) and as well as from
non-zero left-handed sneutrino VEVs.
In the weak interaction basis defined by
Ψ+T = (−iλ˜+2 , H˜+u , `+R), Ψ−T = (−iλ˜−2 , H˜−d , `−L ),
where ` = e, µ, τ . The charged fermion mass term in the Lagrangian is of the form
Lmasscharged = −
1
2
(
Ψ+
T
Ψ−
T
) 05×5 mT5×5
m5×5 05×5
 Ψ+
Ψ−
 . (4.17)
Here we have included all three generations of charged leptons and assumed that the charged lepton
Yukawa couplings are in the diagonal form. The matrix m5×5 using eqn.(4.6) is given by [22,25,27]
m5×5 =

M2 g2v2 0 0 0
g2v1 µ −Y eee v′e −Y µµe v′µ −Y ττe v′τ
g2v
′
e −rec Y eee v1 0 0
g2v
′
µ −rµc 0 Y µµe v1 0
g2v
′
τ −rτc 0 0 Y ττe v1

. (4.18)
The charged fermion masses are obtained by applying a bi-unitary transformation like
U∗m5×5V−1 =M±D, (4.19)
where U and V are two unitary matrices andM±D is the diagonal matrix. Relations between the mass
χ±i and flavour eigenstates for charginos are same as eqn.(3.42), namely
χ+i = Vi1W˜
+ + Vi2H˜
+
u + Vi,α+2`
+
αR ,
χ−i = Ui1W˜
− + Ui2H˜−d + Ui,α+2`
−
αL , (4.20)
where W˜± ≡ −iλ˜±2 .
It is important to note that the off-diagonal elements (except for 12 and 21 elements) of the chargino
mass matrix (eqn. (4.18)) either contain Y ijν (r
i
c =
∑
Y ijν v
c
j) or left-handed sneutrino VEVs v
′
i, both
of which are very small ∼ O (10−4 GeV). This indicates that the physical charged lepton eigenstates
will have very small admixture of charged higgsino and charged gaugino states. So it is safe to assume
(also verified numerically) that these lepton number violating mixing have very little effect on the mass
eigenstates of the charged leptons. Thus, while writing down the PMNS matrix [36–39] (eqn.(3.9)), it
is justified to assume that one is working in the basis where the charged lepton mass matrix is already
in the diagonal form [25].
So far all of the neutralinos and charginos are considered in two-component form. Corresponding
four component neutralino, chargino and charge conjugated chargino spinors are respectively defined
as
χ˜0i =
(
χ0i
χ0i
)
, χ˜i =
(
χ+i
χ−i
)
, χ˜ci =
(
χ−i
χ+i
)
, (4.21)
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where χ0i and χ
±
i are two component neutral and charged spinors, respectively. In our analysis the
charged leptons are represented by their charged conjugate fields [40], which are positively charged.
Unlike the scalar mass squared matrices, eigenvalues of the neutralino or chargino mass matrix
can be either positive or negative. It is always possible to remove the wrong signs via appropriate
rotations. However, then one should be very careful about the corresponding Feynman rules. A viable
alternative is to live with the signs of fermion masses (ηi for neutralinos and i for charginos) and
incorporate them properly in the respective Feynman rules [41].
For the sake of completeness we also write down the quark mass matrices in µνSSM in appendix
B.
4.5 Neutrinos at the tree level
It has been already emphasized that the 10 × 10 neutralino mass matrix Mn possesses a seesaw like
structure. The effective light neutrino mass matrix Mseesawν , arising via the seesaw mechanism in the
presence of explicit lepton number violation, is in general given by
Mseesawν = −m3×7M−17×7mT3×7. (4.22)
With small 6Rp, it is possible to carry out a perturbative diagonalization of the 10× 10 neutralino
mass matrix (see [42]), by defining [43,44] a matrix ξ as
ξ = m3×7.M−17×7. (4.23)
If the elements of ξ satisfy ξij  1, then this can be used as an expansion parameter to get an
approximate analytical solution for the matrix N (see eqn.(4.16)). A general expression for the elements
of ξ with simplified assumptions can be written in the form A′ai + B′bi + C′ci, where
ai = Y
ii
ν v2, ci = v
′
i, bi = (Y
ii
ν v1 + 3λv
′
i) = (ai cotβ + 3λci), (4.24)
with i = e, µ, τ ≡ 1, 2, 3, tanβ = v2v1 and A′,B′, C′ are complicated functions of various parameters
of the model [27]. The complete expressions for the elements of ξ [27] are given in appendix C. In
deriving detailed expression for ξ’s we neglect the sub-dominant terms ∼ O ( v′3m˜3 , Yνv
′2
m˜2 ,
Y 2ν v
′
m˜ ), where
m˜ is the electroweak (or supersymmetry breaking) scale.
With the help of eqn.(4.23), eqn.(4.22) reduces to
Mseesawν = −ξmT3×7. (4.25)
Using the favour of eqn.(4.8) in eqn.(4.25), together with the expressions for ξij given in appendix C,
entries for the 3× 3 matrix Mseesawν are approximately given as (neglecting terms ∝ fourth power in
Y ijν , v
′
i (separately or in a product) [25,28])
(Mseesawν )ij ≈
v22
6κvc
Y iiν Y
jj
ν (1− 3δij)
− 1
2Meff
[
v′iv
′
j +
v1v
c(Y iiν v
′
j + Y
jj
ν v
′
i)
µ
+
Y iiν Y
jj
ν v
2
1v
c2
µ2
]
.
(4.26)
Here we have used
Meff = M
[
1− v
2
2MAµ
(
κvc2 sin 2β +
λv2
2
)]
,
v2 = vsinβ, v1 = vcosβ, µ = 3λv
c,
A = (κvc2 + λv1v2),
1
M
=
g21
M1
+
g22
M2
. (4.27)
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Before proceeding further it is important to discuss eqn.(4.26) in more details [25, 27].
I. First consider the limit vc →∞ and v → 0 (V v1, v2 → 0). Immediately eqn. (4.26) reduces to
(Mseesawν )ij ≈ −
v′iv
′
j
2M
V mν ∼ (g1ci)
2
M1
+
(g2ci)
2
M2
, (4.28)
which is the first part of the second term of eqn.(4.26). In this case the elements of the neutrino mass
matrix are bilinear in the left-handed sneutrino VEVs and they appear due to a seesaw effect involving
the gauginos. This is known as the “gaugino seesaw” effect and neutrino mass generation through this
effect is a characteristic feature of the bilinear Rp violating model. This effect is present in this model
because we have seen earlier that the effective bilinear Rp violating terms are generated in the scalar
potential as well as in the superpotential through the vacuum expectation values of the gauge singlet
sneutrinos (εi = Y ijvcj). In gaugino seesaw the role of the Dirac mass terms are played by g1v
′
i and g2v
′
i,
where g1, g2 are the U(1) and the SU(2) gauge couplings respectively and v
′
i (≡ ci (eqn.(4.24))) stand
for the left-handed sneutrino VEVs. The role of the Majorana masses are played by the gaugino soft
masses M1, M2. The gaugino seesaw effect is closely analogous to the TYPE-I [42,45–50] + Type-III
seesaw mechanism [51,52] due to simultaneous involvement of a singlet (B˜0) and triplet fermion (W˜ 03 )
(see section 3.3.2, figure 3.6, diagrams (a, b)). This analogy has been pointed out in ref. [27]. Note that
the gaugino seesaw effect can generate mass for only one doublet neutrino, as shown in eqn.(4.28).
II. In the limit M →∞, eqn.(4.26) reduces to
(Mseesawν )ij ≈
v22
6κvc
Y iiν Y
jj
ν (1− 3δij) ≡
aiaj
3mνc
(1− 3δij), (4.29)
which corresponds to the “ordinary seesaw” effect between the left-handed and gauge singlet right-
handed neutrinos. Remember that the effective Majorana masses for the gauge singlet neutrinos are
given by mcν = 2κv
c and the usual Dirac masses are given by ai = Y
ii
ν v2. The ordinary seesaw effect
can generate, in general, masses for more than one neutrinos. Thus depending on the magnitudes
and the hierarchies of various diagonal neutrino Yukawa couplings Y iiν , one can generate normal or
inverted hierarchy of neutrino masses (combining with the “gaugino seesaw” effect) corresponding to
atmospheric and solar mass squared differences [25].
It is also interesting to note that a conventional ordinary seesaw (generated only through the mixing
between left-handed and right-handed neutrinos) in contrast to eqn.(4.29) would give rise to a mass
matrix of the form [28]
(Mseesawν )ij ≈ −
v22
2κvc
Y ii
2
ν . (4.30)
The off-diagonal contributions as shown in eqn.(4.29) are arising from an effective mixing between
the right-handed neutrinos and Higgsinos. Hence, when right-handed neutrinos are also decoupled
(vc →∞), the neutrino masses are zero as corresponds to the case of a seesaw with only Higgsinos [28].
4.5.1 Neutrino masses at the tree level
Eqn.(4.26) can be re-casted in a compact form using eqns.(4.24) (4.27) as
(Mseesawν )ij =
1
6κvc
aiaj(1− 3δij) + 2Av
c
3∆
bibj , (4.31)
or alternatively using eqn.(4.24) in a more elucidate form as
(Mseesawν )ij = f1aiaj + f2cicj + f3(aicj + ajci), (4.32)
with
f1 =
1
6κvc
(1− 3δij) + 2Av
ccot2β
3∆
, f2 =
2Aλµ
∆
, f3 =
2Aµcotβ
3∆
, (4.33)
and ∆ = λ2(v21 + v
2
2)
2 + 4λκv1v2v
c2 − 4λAµM . It is apparent from eqn.(4.31) that the second term
(∝ bibj) can contribute to only one neutrino mass, ∝ b2i . However, presence of (1− 3δij) factor in the
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first term assures non-zero masses for other neutrinos. If we concentrate on the normal hierarchical
scheme of light neutrino masses, then with suitable choice of model ingredients it is possible to generate
the atmospheric neutrino mass scale (∼ O (10−11 GeV)) from the second term, whereas relatively
small solar scale (∼ O (10−12 GeV)) emerges from the first term of eqn.(4.31). The imposed order
of magnitude difference between the first and the second term of eqn.(4.31) through certain choices
of model parameters can be used to extract the eigenvalues of eqn.(4.31) analytically. Choosing the
dominant terms to be ∝ bibj , which contribute to only one neutrino mass, it is possible to apply the
techniques of degenerate perturbation theory to extract the effect of the perturbed term (∝ aiaj) over
the unperturbed one (∝ bibj) [25]. It has to be clarified here that actually in µνSSM for a novel region
of the parameter space bi ∼ ai [25], however, with a clever choice of the λ and κ parameter it is possible
to vary the order of magnitude of the co-efficients in front ( 16κvc ,
2Avc
3∆ , see eqn.(4.31)). For the chosen
set of parameters (see table 4.2) co-efficients of the aiaj term is an order of magnitude smaller compared
to that of bibj [25]. So the perturbative approach is well justified. As shown in ref. [25] it is possible
to extract simple analytical form for light neutrino masses in this approach. Detailed expressions for
the eigenvectors and eigenvalues of eqn.(4.31) obtained through perturbative calculations are given in
appendix C. It is interesting to see from eqn.(C.6) that the correction to unperturbed eigenvalues are
proportional to the effect of ordinary seesaw [25].
The numerical values of the solar and atmospheric mass squared differences ∆m2solar (≡ ∆m221)
and ∆m2atm (≡ ∆m231) as obtained from full numerical calculations (Using eqn.(4.22)) and from appro-
priate analytical formulae (Using eqn.(C.6)) have been shown in table 4.31 and the results show good
agreement [25]. The numerical calculations have been performed with the help of a code developed
by us using Mathematica [53]. In our numerical analysis for the normal hierarchical pattern in light
neutrino masses, we choose m2|max < 1.0 × 10−11 GeV [25]. Results of table 4.3 are consistent with
the three flavour global neutrino data [54, 55] as shown in table 3.1 in the 3σ limit. It is interesting
to observe that unlike conventional bilinear Rp violating models, in µνSSM all three neutrinos are
massive itself at the tree level. Consequently, it is possible to accommodate the three flavour global
neutrino data (table 3.1) at the tree level even with the choice of diagonal neutrino Yukawa couplings
(see table 4.2) [25].
Parameter Chosen Value Parameter Chosen Value
λ 0.06 (Aλλ) −60 GeV
κ 0.65 (Aκκ) 650 GeV
Y 11ν 4.57× 10−7 (AνYν)11 1.57× 10−4 GeV
Y 22ν 6.37× 10−7 (AνYν)22 4.70× 10−4 GeV
Y 33ν 1.80× 10−7 (AνYν)33 3.95× 10−4 GeV
M1 325 GeV M2 650 GeV
m2
L˜
4002 GeV2 m2ν˜c 300
2 GeV2
Table 4.2: Parameter choices (consistent with figure 4.2) for result presented in table 4.3. Eqn.(4.8)
has been used here and we choose tanβ = 10.
Both left and right sneutrino VEVs (v′i, v
c
i , respectively) are derived using the set of parameters
given in table 4.2. The relation between the gaugino soft masses M1 and M2 are assumed to be GUT
(grand unified theory) motivated, so that, at the electroweak scale, we have M1 : M2 = 1 : 2.
4.5.2 Neutrino mixing at the tree level
The expansion parameter ξ (see eqns.(C.1)) has been introduced in eqn.(4.23) to perform perturbative
diagonalization of the 10 × 10 neutralino mass matrix Mn. It is possible to express the neutralino
mixing matrix N (see eqn.(4.16)) in leading order in ξ as
N∗ =
( N ∗ 0
0 UT
)(
1− 12ξ†ξ ξ†−ξ 1− 12ξξ†
)
. (4.34)
1A typo has been corrected compared to ref. [25]. Also to denote individual neutrino masses, mνi are used instead
of mi (ref. [25]).
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mν (eV) (×103) ∆m221(eV2) ∆m231(eV2)
mν1 mν2 mν3 (×105) (×103)
Using eqn.(4.22) 4.169 9.970 48.23 8.203 2.307
Using eqn.(C.6) 4.168 9.468 47.71 7.228 2.187
Table 4.3: Absolute values of the neutrino masses and the mass-squared differences for a sample point
of the parameter space [25]. Results for full numerical analysis have been obtained using eqn.(4.22).
Approximate analytical expressions of eqn.(C.6) have been used for comparison. Parameter choices
are given in table 4.2.
The 10×10 neutralino mass matrixMn can approximately be block diagonalized to the form diag(M7×7,Mseesawν ),
by the matrix defined in eqn.(4.34). The matrices N and U , defined in eqn.(4.34), are used to diago-
nalize M7×7 and Mseesawν in the following manner (using eqn.(4.16)),
N ∗M7×7N † = diag(mχ˜0i ),
UTMseesawν U = diag(mν1 ,mν2 ,mν3). (4.35)
Where U is the non-trivial leptonic mixing matrix, known as PMNS matrix [36–39]. As already stated
in section 3.2, a non-trivial neutrino mixing is a consequence of massive neutrinos. If we adhere to a
scenario where CP is preserved, the PMNS matrix following eqn.(3.9) can be written as
U =

c12c13 s12c13 s13
−s12c23 − c12s23s13 c12c23 − s12s23s13 s23c13
s12s23 − c12c23s13 −c12s23 − s12c23s13 c23c13
 , (4.36)
where cij = cos θij , sij = sin θij .
It is definitely possible to extract the mixing angles from U in a full numerical analysis. However,
it is always useful to do the same with a simplified approximate analytical analysis (if at all possible)
to get an idea about the relative importance of the different parameters. An analysis of this kind for
light neutrino mixing angles using degenerate perturbation theory has been addressed in ref. [25]. We
showed that it is possible to write down the PMNS matrix U as (eqn.(C.12))
U =
( Y1 Y2 Y3 )3×3 , (4.37)
where Yi’s are defined in appendix C.2. Using eqn.(4.37) it is possible to derive appropriate expressions
for the light neutrino mixing angles θ13, θ23, θ12 as [25]
sin2 θ13 =
b2e
b2e + b
2
µ + b
2
τ
. (4.38)
sin2 θ23 =
b2µ
b2µ + b
2
τ
. (4.39)
sin2 θ12 ≈ 1− (α′1 + α′2
be
bτ
)
2
, (4.40)
where bi’s are given by eqn.(4.24). The quantities α
′
1, α
′
2 are given by eqn.(C.9).
It is apparent from eqn.(4.38) that if we want the (13) mixing angle to be small (which is supported
by data, see table 3.1) then one must have b2e  (b2µ + b2τ ). On the other hand, since the (23) mixing
angle θ23 is maximal by nature (∼ 45◦, see table 3.1), it is natural to expect b2µ = b2τ . The formula
for solar mixing angle θ12 is a bit complicated. Nevertheless, in order to have θ12 ∼ 35◦, the square
root of the second term on the right hand side of eqn.(4.40) should be approximately 0.8. So these
approximate analytical formulae clearly help us to choose suitable corner of parameter space rather
than performing a blind search, which is the power of the analytical approach.
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mixing angles in degree Using (4.22) Using (C.12)
θ12 36.438 37.287
θ13 9.424 6.428
θ23 38.217 42.675
Table 4.4: Neutrino mixing angles using eqn.(4.22) and eqn.(C.12) Parameter choices are given in
table 4.2. These values are consistent with entries of table 3.1 in the 3σ limit [54].
We compare three light neutrino mixing angles as obtained from eqn.(4.37) to that obtained in full
numerical analysis using eqn.(4.22) in table 4.4. Neutrino masses are taken to be normal hierarchical.
We can see that for this set of chosen parameters (table 4.2), numerical and approximate analytical
results give quite good agreement. Naturally, one would be interested to check the predictions made
in eqns. (4.38), (4.39), and (4.40) over a wide region in the parameter space and see the deviations
from the full numerical calculations. These are shown in figures.4.3, 4.4 [25].
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Figure 4.3: Scatter plot of the neutrino mixing angle sin2 θ23 (left) and sin
2 θ13 (right) as a function
of the ratio
b2µ
b2τ
and
b2e
b2µ+b
2
τ
. Values of model parameters are given in table 4.5. The lightest neutralino
(LN) is either a bino (B˜0) or a higgsino (H˜0u, H˜
0
d) dominated. Light neutrino mass ordering is normal
hierarchical.
It is apparent from the left diagram of figure 4.3 that for b2µ = b
2
τ , the value of sin
2 θ23 varies in
the range 0.41−−0.44, which corresponds to θ23 between 40◦ and 42◦. On the other hand, eqn.(4.39)
tells that for b2µ = b
2
τ , sin
2 θ23 = 0.5. So for a wide region of parameter space result from the numerical
calculation is reasonably close to the prediction from the approximate analytical formula.
Also from figure 4.4 as (α′1 +α
′
2
be
bτ
)2 → 0.50, sin2 θ12 tends to be maximal, that is θ12 = 45◦, which
is well expected.
Concerning table 4.5 it has to be emphasized here that the allowed regions in the λ− κ plane (see
figure 4.2) are not very sensitive to the values of Yν and AνYν due to their smallness. Hence we choose
to vary them randomly (see table 4.5), in order to accommodate the three flavour global neutrino data.
So far we considered eqn.(4.31) in the limit when with suitable choice of model parameters the
terms ∝ aiaj can act as perturbation over the second term. However, the huge parameter space for
µνSSM always leaves room for the inverse situation. In other words there exists suitable corner of
parameter space where the first term of eqn.(4.31) is the dominant one and then eqn.(4.39) can be
expressed as
sin2 θ23 =
a2µ
a2µ + a
2
τ
. (4.41)
This is exactly what is shown by figure 4.5. Note that for a2µ = a
2
τ , the atmospheric mixing angle
becomes maximal.
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Figure 4.4: sin2 θ12 versus (α
′
1 + α
′
2
be
bτ
)2 scatter plot. Parameter choice and mass hierarchy is same as
figure 4.3.
Parameter Chosen Value Parameter Chosen Value
Y 11ν 3.55− 5.45× 10−7 (AνYν)11 1.25− 1.95× 10−4 GeV
Y 22ν 5.55− 6.65× 10−7 (AνYν)22 3.45− 4.95× 10−4 GeV
Y 33ν 1.45− 3.35× 10−7 (AνYν)33 2.35− 4.20× 10−4 GeV
m2
L˜
4002 GeV2 m2ν˜c 300
2 GeV2
λ 0.06(0.13) (Aλλ) −1000× λ GeV
κ 0.65 (Aκκ) 1000× κ GeV
M1 110(325) GeV M2 2×M1 GeV
Table 4.5: Parameter choices (consistent with figure 4.2) for figures 4.3, 4.4. λ = 0.06(0.13) for a
bino(higgsino) dominated lightest neutralino. Similarly, M1 = 110 (325) GeV for a bino (higgsino)
dominated lightest neutralino. Eqn.(4.8) has been used here and we choose tanβ = 10. The set of
chosen parameters are consistent with the constraints of the scalar sector.
In figure 4.6, we have shown the regions in the various Yν planes satisfying the three flavour global
neutrino data. The values of other parameters are as shown in table 4.5 for the case where the lightest
neutralino (χ˜01) is bino dominated. We can see from these figures that the allowed values of Yνs show
a mild hierarchy such that Y 22ν > Y
11
ν > Y
33
ν [25].
Similar studies have been performed for the inverted hierarchical case and the allowed region
shows that the magnitudes of the neutrino Yukawa couplings are larger compared to the case of
normal hierarchical scheme of the neutrino masses with a different hierarchy among the Yν ’s themselves
(Y 11ν > Y
22
ν > Y
33
ν ). In this case sin
2 θ12 shows an increasing behaviour with the ratio b
2
e/b
2
µ, similar to
the one shown by sin2 θ23 with b
2
µ/b
2
τ in the normal hierarchical scenario (see figure 4.3). On the other
hand, sin2 θ23 shows a decreasing behaviour with b
2
µ/b
2
τ . In all these cases, the solar and atmospheric
mass-squared differences are within the 3σ limits (table 3.1).
4.6 Neutrinos at the loop level
It is legitimate to ask that what is the motivation for performing loop calculations in µνSSM when all
three neutrinos can acquire masses at the tree level [25]? In fact this is a feature where the µνSSM
model is apparently successful over most of the other models of light neutrino mass generation where
loop corrections are unavoidable in order to account for oscillation data. However, in the regime of
renormalizable quantum field theories, stability of any tree level analysis must be re-examined in the
light of radiative corrections. Following this prescription, the results of neutrino masses and mixing will
be more robust, once tree level analysis is further improved by incorporating radiative corrections. The
radiative corrections may have sizable effect on the neutrino data at one-loop level. Thus, although all
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Figure 4.5: Scatter plot of the neutrino mixing angle sin2 θ23 as a function of the ratio
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. The lightest
neutralino (LN) is right-handed neutrino (νc) dominated.
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Figure 4.6: Plots for normal hierarchical scheme of neutrino mass in Y 22ν − Y 33ν , Y 11ν − Y 33ν and
Y 11ν − Y 22ν plane when the lightest neutralino (LN) is bino dominated.
three SM neutrinos acquire non-zero masses in the µνSSM even at the tree level [25], it is interesting
to investigate the fate of those tree level masses and mixing when exposed to one-loop corrections.
With this in view, in the following subsections we perform a systematic study of the neutrino masses
and mixing with all possible one-loop corrections both analytically and numerically. In the subsequent
subsections, while showing the results of one-loop corrections, we try to explain the deviations (which
may or may not be prominent) from the tree level analysis. The complete set of one-loop diagrams
are shown in figure 4.7. Before going into the details, let us discuss certain relevant issues of one-
loop correction and renormalization for the neutralino-neutrino sector. The most general one-loop
contribution to the unrenormalized neutralino-neutrino two-point function can be expressed as
iΣijχ˜0χ˜0(p) = i{6p
[
PLΣ
L
ij(p
2) + PRΣ
R
ij(p
2)
]− [PLΠLij(p2) + PRΠRij(p2)]}, (4.42)
where PL and PR are defined as
1−γ5
2 and
1+γ5
2 , respectively. i, j = 1, ..., 10 and p is the external
momentum. The unrenormalized self-energies ΣL,R and ΠL,R depend on the squared external mo-
mentum (p2). The generic self energies Σ
L(R)
ij , Π
L(R)
ij of the Majorana neutralinos and neutrinos must
be symmetric in its indices, i and j. DR scheme [56–60] has been used to regularize one-loop contri-
butions. In the DR scheme2, the counter-terms cancel only the divergent pieces of the self-energies.
Thus the self energies become finite but depend on the arbitrary scale of renormalization. To resolve
this scale dependency, the tree level masses are promoted to running masses in which they cancel the
explicit scale dependence of the self energies Σ,Π [62]. The resulting one-loop corrected mass matrix
2In DR scheme the subtraction procedure is same as MS [61] scheme and the momentum integrals are also evaluated
with D dimensions. However, the Dirac algebras are done strictly in four dimensions since only in four dimensions the
numbers of fermions and bosons match in the case of a supersymmetric system.
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using dimensional reduction (DR) scheme is given by
(Mtree+1−loopχ0 )ij = mχ˜0(µR)δij +
1
2
(
Π˜Vij(m
2
i ) + Π˜
V
ij(m
2
j )
− mχ˜0i Σ˜Vij(m2i )− mχ˜0j Σ˜Vij(m2j )
)
,
(4.43)
with
Σ˜Vij =
1
2
(Σ˜Lij + Σ˜
R
ij), Π˜
V
ij =
1
2
(Π˜Lij + Π˜
R
ij), (4.44)
where the tree level neutralino mass (mχ˜0) is defined at the renormalization scale µR, set at the
electroweak scale. Here, the word neutralino mass stands for all the ten eigenvalues of the 10 × 10
neutralino mass matrix. The self-energies Σ, Π are also renormalized in the DR scheme and denoted
by Σ˜ and Π˜ respectively. The detailed expressions of Σ˜Vij and Π˜
V
ij depend on corresponding Feynman
rules and the Passarino-Veltman functions [61,63]. In the next section we will describe our calculational
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Figure 4.7: One-loop diagrams contributing to the neutralino masses. The various contributions are
arising from (clockwise from top left) (a) neutralino-neutralino-neutral scalar loop, (b) neutralino-
neutralino-neutral pseudoscalar loop, (c) neutralino-neutralino-Z0µ loop, (d) neutralino-chargino-
charged scalar loop, (e) neutralino-chargino-W±µ loop, (f) neutralino-quark-squark loop.
approach.
4.7 Analysis of neutrino masses and mixing at one-loop
In this section we consider the effect of radiative corrections to the light neutrino masses and mixing.
Just for the sake of completeness it is always better to recapitulate some of the earlier works regarding
one-loop corrections to the neutralino-neutrino sector. The complete set of radiative corrections to the
neutralino mass matrix in the Rp conserving MSSM was discussed in ref. [64,65], and the leading order
neutrino masses has been derived in ref. [66]. One-loop radiative corrections to the neutrino-neutralino
mass matrix in the context of a RP -violating model were calculated in ref. [67] using ’t-Hooft-Feynman
gauge. In ref. [62], Rξ gauge has been used to compute the corrections to the neutrino-neutralino
mass matrix at one-loop level in an Rp-violating scenario. For our one-loop calculations we choose
to work with ’t-Hooft-Feynman gauge, i.e. ξ = 1. Neutrino mass generation at the one-loop level
in other variants of RP -violating MSSM has been widely addressed in literature, which are already
given in the beginning of subsection 3.3.2. We note in passing that in a recent reference [68] on-shell
renormalization of neutralino and chargino mass matrices in Rp violating models has been addressed,
which also includes the µνSSM.
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We begin by outlining the strategy of our analysis. We start with a general 10×10 neutralino matrix,
with off-diagonal entries as well, which has a seesaw structure in the flavour-basis (see eqn.(4.12)).
Schematically, we can rewrite eqn.(4.12) as,
Mn =
(
Mf m
T
Df
mDf 0
)
, (4.45)
where the orders of the block matrices are same as those indicated in eqn. (4.12), and the subscript
‘f ’denotes the flavour basis. Here Mf stands for the 7× 7 Majorana mass matrix of the heavy states,
while mDf contains the 3×7 Dirac type masses for the left-handed neutrinos. In the next step, instead
of utilizing the seesaw structure of this matrix to generate the effective light neutrino mass matrix for
the three active light neutrino species, we diagonalize the entire 10 × 10 matrix Mn. The diagonal
10 × 10 matrix M0D (eqn.(4.16)) thus contains tree level neutralino masses, which we symbolically
write as [27]
M0D =
(
Mm 0
0 mm
)
, (4.46)
where Mm (mm) are the masses of the heavy states (left-handed neutrinos). Following eqn.(4.35) one
can write
Mm = diag(mχ˜01 ,mχ˜02 ,mχ˜03 ,mχ˜04 ,mχ˜05 ,mχ˜06 ,mχ˜07),
mm = diag(mν1 ,mν2 ,mν3). (4.47)
At this stage we turn on all possible one-loop interactions as shown in figure 4.7, so that the 10× 10
matrixM0D picks up radiatively generated entries, both diagonal and off-diagonal. The resulting one-
loop corrected Lagrangian for the neutralino mass terms in the χ˜0 basis, following eqn.(4.11), can be
written as
L′ = −1
2
χ0
T (M0D +M1)χ0 + H.c., (4.48)
where M1 contains the effect of one-loop corrections. The 10 × 10 matrix M0D is diagonal, but the
matrix M1 is a general symmetric matrix with off diagonal entries.
One can rewrite the above equation, using eqns.(4.15) and (4.16), as
L′ = −1
2
Ψ0
T (Mn + NTM1N)Ψ0 + H.c.. (4.49)
This is nothing but the one-loop corrected neutralino mass term in the Lagrangian in the flavour basis.
Symbolically [27],
L′ = −1
2
Ψ0
TM′Ψ0 + H.c., (4.50)
with the 10× 10 matrix M′ having the form [27]
M′ =
(
Mf + ∆Mf (mDf + ∆mDf )
T
mDf + ∆mDf ∆mf
)
. (4.51)
The quantities ∆Mf and ∆mf stand for one-loop corrections to the heavy neutralino states and light
neutrino states respectively, in the flavour basis Ψ0. The entity ∆mDf arises because of the off diagonal
interactions, i.e. between the heavy neutralinos and the light neutrinos, in the same basis (Ψ0). Note
that all of ∆Mf , ∆mDf , ∆mf in the χ0 basis are given by the second term on the right hand side of
eqn.(4.43). We suitably transform them into the basis Ψ0 with the help of neutralino mixing matrix N.
From the order of magnitude approximations3 the matrixM′ once again possesses a seesaw structure,
and one can therefore write down the one-loop corrected effective light neutrino mass matrix as
(Mν
′
)eff ≈ ∆mf − (mDf + ∆mDf )(Mf + ∆Mf )−1((mDf + ∆mDf )T ). (4.52)
3The loop corrections are at least suppressed by a loop factor 1
16pi2
and thus tree level order of magnitude approxi-
mations are still valid.
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Let us now present an approximate form of eqn.(4.52). For simplicity, let us begin by assuming the
quantities present in eqn.(4.52) to be c-numbers (not matrices). In addition, assume Mf  ∆Mf
(justified later), so that eqn.(4.52) may be written as,
(Mν
′
)eff ≈ ∆mf − δ ×Mf
{(
mDf
Mf
)2
+ 2
(
mDf
Mf
)(
∆mDf
Mf
)
+
(
∆mDf
Mf
)2}
, (4.53)
with δ =
(
1− ∆MfMf
)
. Now, even when ∆mDf ∼ 116pi2 mDf and ∆Mf ∼ 116pi2 Mf , eqn.(4.53) looks like
(Mν
′
)eff ≈ ∆mf −Mf
(
1− 1
16pi2
){(
mDf
Mf
)2
+
2
16pi2
(
mDf
Mf
)2
+
1
256pi4
(
mDf
Mf
)2}
. (4.54)
Thus, up to a very good approximation one can rewrite eqn.(4.54) as
(Mν
′
)eff ≈ ∆mf −Mf
(
mDf
Mf
)2
. (4.55)
Reimposing the matrix structure and using eqn.(4.22), eqn.(4.55) can be modified as,
(Mν
′
)eff ≈ ∆mf +Mseesawν . (4.56)
The eigenvalues of the 3× 3 one-loop corrected neutrino mass matrix (Mν′)eff thus correspond to one-
loop corrected light neutrino masses. In conclusion, it is legitimate to calculate one-loop corrections to
the 3× 3 light neutrino mass matrix only (see eqn.(4.56)), and diagonalize it to get the corresponding
one-loop corrected mass eigenvalues [27].
Let us denote the one-loop corrections to the masses of heavy neutralinos and light neutrinos in
the basis χ0 by ∆M and ∆m respectively. The one-loop corrections arising from neutralino-neutrino
interactions is denoted by ∆mD in the same basis. The tree level neutralino mixing matrix N, in the
leading power of expansion matrix ξ (eqn.(4.23)), using eqn.(4.34) can be written as,
N =
( N N ξT
−U†ξ∗ U†
)
=
(
N˜7×7 N˜7×3
N˜3×7 N˜3×3
)
. (4.57)
Now from the order of magnitude approximation of ξ (eqn.(4.23)) we get approximately ξ ∼ (mνD/Mχ˜0),
where mνD represents a generic entry of m3×7 matrix and Mχ˜0 that of M7×7 (see eqn.(4.12)). So
apparently the entries of the matrices N˜7×3, N˜3×7 suffers a suppression ∼ O (mνD/Mχ˜0), due to very
small neutrino-neutralino mixing [69]. The quantities mνD ∼ O (10−4 GeV) and Mχ˜0 ∼ O (102 GeV)
represent the Dirac mass of a left-handed neutrino (νi) and the Majorana mass of a neutralino (χ
0
i ),
respectively. From eqns.(4.49), (4.57) it is easy to figure out the relation between ∆m and ∆mf as,
∆mf = N˜
T
7×3∆MN˜7×3 + N˜
T
7×3∆m
T
DN˜3×3 + N˜
T
3×3∆mDN˜7×3 + N˜
T
3×3∆mN˜3×3. (4.58)
Now as argued earlier, for a Dirac neutrino, the mass is . O (10−4 GeV), while for a neutralino, the
mass is ∼ O (102 GeV). This means that the entries of the off-diagonal blocks in eqn.(4.57) are . O
(10−6). Therefore, for all practical purpose, one can neglect the first three terms in comparison to the
fourth term on the right hand side of eqn.(4.58). Thus,
∆mf ≈ N˜T3×3∆mN˜3×3. (4.59)
up to a very good approximation. With this in view, our strategy is to compute the one-loop corrections
in the χ0 basis first, and then use eqn.(4.59) to obtain the corresponding corrections in the flavour
basis. Finally, adding tree level contribution Mseesawν (eqn.(4.22)) to ∆mf (eqn.(4.59)), we diagonalize
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eqn.(4.56) to obtain the one-loop corrected neutrino masses. We have performed all calculations in
the ’t-Hooft-Feynman gauge. Let us also note in passing that the form of eqn.(4.43) predicts off-
diagonal entries (i 6= j). The off-diagonal elements are responsible for the admixtures between diagonal
entries, which become dominant only when
(
mχ˜0i −mχ˜0j
)
. ( α4pi ) × some electroweak scale mass,
(using the essence of eqn.(3.28)) and then, one can choose p2 = m2 = (m2χ˜0i +m
2
χ˜0j
)/2 for external
momentum [67]. Thus, one can conclude that unless the tree level masses are highly degenerate, the
off-diagonal radiative corrections can be neglected for all practical purposes, when at least one indices
i or j refers to a heavy states.
The self-energy corrections contain entries of the neutralino mixing matrix N through the couplings
Off
′b appearing in Feynman rules (see, appendix D) [27]. This is because, the self energies Σ˜ij and
Π˜ij in general contain products of couplings of the form O
ff ′b
i.. O
ff ′b
j.. (see, appendix E [27] for detailed
expressions of Σ˜Vij and Π˜
V
ij). The matrix N, on the other hand, contains the expansion parameter ξ
in the leading order (see eqn.(4.34)). This observation, together with the help of eqn.(C.1), help us to
express the effective structure of the one-loop corrected neutrino mass matrix as [27],
[(Mν′)eff ]ij = A1aiaj +A2cicj +A3(aicj + ajci), (4.60)
where ai and ci are given by eqn.(4.24) and Ai’s are functions of our model parameters and the
Passarino-Veltman functions (B0, B1) [61,63,70] defined in appendix F. The form of the loop corrected
mass matrix thus obtained is identical to the tree level one (see, eqn.(4.32)) with different coefficients
A1, A2 and A3 arising due to one-loop corrections.
Note that the one-loop diagrams in figure 4.7, contributing to the neutrino mass matrix are very
similar to those obtained in bilinear R-parity violating scenario [62, 71–75]. However, it has been
pointed out in ref. [26], that there is a new significant contribution coming from the loops containing
the neutral scalar and pseudoscalar with dominant singlet component. This contribution is proportional
to the mass-splitting between the singlet scalar and pseudoscalar states [76–78]. The corresponding
mass splittings for the doublet sneutrinos are much smaller [26]. In fact the sum of contributions of the
singlet scalar (ν˜cnR) and pseudoscalar states (ν˜
c
nI) (see diagrams one and two of the top row of figure 4.7)
is ∝ κ2vc2 , squared mass difference between the singlet scalar and pseudoscalar mass eigenstates [26].
The effect of one-loop correction to light neutrino masses and mixing has been considered in ref. [26]
for one and two generations of right-handed neutrinos.
To conclude this section we finally concentrate on the one-loop contributions to light neutrino
mixing. The tree level 3× 3 orthogonal matrix U diagonalizes the tree level seesaw matrix Mseesawν as
shown in eqn.(4.35). In a similar fashion the 3× 3 orthogonal matrix (in the limit of all phases equal
to zero) that diagonalizes the one-loop corrected neutrino mass matrix (Mν
′
)eff (eqn.(4.56)), can be
denoted as U ′. Mathematically
U ′
T
(Mν
′
)effU
′ = diag(m′1, m
′
2, m
′
3), (4.61)
with m′1, m
′
2, m
′
3 as the three one-loop corrected light neutrino masses. The matrix U
′ now can be
used (see eqn.(4.36)) to extract the one loop corrected light neutrino mixing angles, θ′23, θ
′
12, θ
′
13.
In the next section we will discuss the effect of one-loop corrections to the light neutrino masses
and mixing in µνSSM for different light neutrino mass hierarchy.
4.8 One-loop corrections and mass hierarchies
Analytical forms for the tree level and the one-loop corrected light neutrino mass matrices are given
by eqn.(4.22) and eqn.(4.60), respectively. Note that in both of the equations the first two terms
(∝ aiaj , ∝ cicj) individually can generate only one neutrino mass, ∝
∑
a2i and ∝
∑
c2i , respectively.
These terms are the effect of the ordinary and the gaugino seesaw, as already discussed in section 4.5.
Together, they can generate two neutrino masses which is sufficient to satisfy the neutrino oscillation
data without the cross term (aicj + ajci). However, it is the effect of the mixing terms (aicj + ajci)
which together with the first two terms along with different co-efficients for each term give masses to
all three light neutrinos [25,27].
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In the following three consecutive subsections we will analyze the effect of one-loop radiative cor-
rections on the light neutrino masses and mixing when the mass orderings are (1) normal, (2) inverted
and (3) quasi-degenerate in nature. The choice of model parameters are given in table 4.6 [25, 27].
Apart from the right-handed sneutrino VEVs other variables are chosen to be the left sneutrino VEVs
Parameter Chosen Value Parameter Chosen Value
λ 0.10 (Aλλ) −100 GeV
κ 0.45 (Aκκ) 450 GeV
m2e˜c 300
2 GeV2 vc −895 to −565 GeV
(AνYν)
ii Y iiν × 1 TeV tanβ 10
M1 110 GeV M2 220 GeV
Table 4.6: Choice of parameters for numerical analysis consistent with the EWSB conditions. These
choices are according to the eqn.(4.8). The gaugino soft masses M1 and M2 are assumed to be GUT
(grand unified theory) motivated, so that, at the electroweak scale, we have M1 : M2 = 1 : 2.
(v′i) and the flavour diagonal neutrino Yukawa couplings (Y
ii
ν ). These are given in table 4.7 [25, 27].
To fit the three flavour global data we consider not only the oscillation constraints (see table 3.1) but
Y iiν × 107 v′i × 105(GeV)
Y 11ν Y
22
ν Y
33
ν v
′
1 v
′
2 v
′
3
Normal hierarchy 3.550 5.400 1.650 0.730 10.100 12.450
Inverted hierarchy 12.800 3.300 4.450 8.350 8.680 6.400
Quasi-degenerate-I 19.60 19.94 19.99 9.75 10.60 11.83
Quasi-degenerate-II 18.50 18.00 18.00 9.85 10.50 10.10
Table 4.7: Values of the neutrino Yukawa couplings and the left-handed sneutrino VEVs, used as sample
parameter points for numerical calculations. These are the values around which the corresponding
parameters were varied. Other parameter choices are given in table 4.6.
also constraints from various non-oscillation experiments like Tritrium beta decay, neutrinoless double
beta decay and cosmology both for the tree level and the one-loop combined analysis.
4.8.1 Normal hierarchy
In the normal hierarchical pattern of the three light neutrino masses (individual masses are denoted by
mi, i = 1, 2, 3), the atmospheric and the solar mass squared differences, given by ∆m
2
atm = m
2
3 −m22
and ∆m2solar = m
2
2−m21, are largely governed by the higher mass squared in each case, namely, m23 and
m22, respectively. Before going into the discussion of the variation of the mass-squared values with the
model parameter, some general remarks are in order. First of all, note that in eqn.(4.24), if we choose
v′i such that v
′
i  Y
ii
ν v1
3λ , then bi ≈ ci [28]. Second, both the tree level and the one-loop corrected
light neutrino mass matrix have similar structure as shown in eqn.(4.32) and eqn.(4.60). Due to this
structural similarity we expect both the tree and the one-loop corrected masses and mixing to show
similar type of variations with certain relevant quantities, however with some modifications, because of
the inclusion of the one-loop corrections. This similarity also indicates that the light neutrino masses
and mixing are entirely controlled by ai and ci.
In this subsection, we show the variation of the neutrino squared masses (m2i ) and the atmospheric
and solar mass squared differences with the square of the seesaw parameters
c2i
M and
a2i
mνc
for normal
ordering in light neutrino masses. Results are shown for the tree level as well as the one-loop corrected
neutrino masses. These plots also demonstrate the importance of one-loop corrections to neutrino
masses compared to the tree level results [27].
Typical mass spectra are shown in figure 4.8. Note that a particular model parameter has been
varied while the others are fixed at values given in tables 4.6 and 4.7. The effective light neutrino mass
matrix given in eqn.(4.31) suggests that as long as v′i  Y
ii
ν v1
3λ and κ  λ, the second term on the
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Figure 4.8: Neutrino mass squared values (m2i ) versus
c4i
M2 (left panel) and versus
a4i
m2
νc
(right panel)
plots for the normal hierarchical pattern of light neutrino masses, i = e, µ, τ . Parameter choices are
shown in tables 4.6 and 4.7.
right hand side of eqn.(4.31) dominates over the first term and as a result the heaviest neutrino mass
scale (m3) is controlled mainly by the gaugino seesaw effect. This is because in this limit bi ≈ ci, and,
as discussed earlier, a neutrino mass matrix with a structure ∼ cicjM can produce only one non-zero
neutrino mass. This feature is evident in figure 4.8, where we see that m23 increases as a function of
c4i /M
2. The other two masses are almost insensitive to c2i /M . A mild variation to m
2
2 comes from the
combined effect of gaugino and ordinary seesaw (see the (aicj +ajci) terms in eqns.(4.32), (4.60)). On
the other hand, the two lighter neutrino mass scales (m22 and m
2
1) are controlled predominantly by the
ordinary seesaw parameters a2i /mνc . This behaviour is observed in the right panel figures of figure 4.8.
The heaviest neutrino mass scale is not much affected by the quantities a2i /mνc .
One can also see from these plots that the inclusion of one-loop corrections, for the chosen values of
the soft SUSY breaking parameters, reduces the values of m22 and m
2
1, while increasing the value of m
2
3
only mildly. This is because, with such a choice, the one-loop corrections cause partial cancellation in
the generation of m1 and m2. For the heaviest state, it is just the opposite, since the diagonalization
of the tree-level mass matrix already yields a negative mass eigenvalue, on which the loop correction
has an additive effect. If, with all other parameters fixed, the signs of λ and Aλ are reversed (leading
to a positive µ in the place of a negative one), m1, m2 and m3 are all found to decrease through loop
corrections. A flip in the sign of κ and the corresponding soft breaking terms, on the other hand,
causes a rise in all the mass eigenvalues, notably for m1 and m2.
In the light of the discussion above, we now turn to explain the variation of ∆m2atm and ∆m
2
solar
with c4i /M
2 and a4i /m
2
νc shown in figure 4.9 and figure 4.10. For our numerical analysis, in order to set
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the scale of the normal hierarchical spectrum, we choose m2|max < 0.011 eV. The left panel in figure
4.9 shows that ∆m2atm increases more rapidly with c
4
µ,τ/M
2, whereas the variation with c4e/M
2 is much
slower as expected from figure 4.8. Similar behaviour is shown for the one-loop corrected ∆m2atm. The
small increase in the one-loop corrected result compared to the tree level one is essentially due to the
splitting in m22 value as shown earlier. The variation of ∆m
2
solar with c
4
i /M
2 can be explained in a
similar manner. Obviously, in this case the one-loop corrected result is smaller compared to the tree
level one (see, figure 4.8). However, one should note that ∆m2solar falls off with c
4
µ/M
2 as opposed to
the variation with respect to the other two gaugino seesaw parameters. This is due to the fact that m22
slightly decreases with c4µ/M
2 but show a slow increase with respect to c4e/M
2 and c4τ/M
2. The dark
solid lines in all these figures show the allowed values of various parameters where all the neutrino
mass and mixing constraints are satisfied.
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Figure 4.9: Atmospheric and solar mass squared differences (∆m2atm, ∆m
2
solar) vs
c4i
M2 plots for the
normal hierarchical pattern of light neutrino masses, i = e, µ, τ . The full lines are shown for which
only the constraints on ∆m2solar is not within the 3σ limit (see table 3.1). The dark coloured portions
on these lines are the values of parameters for which all the neutrino constraints are within the 3σ
limit. The red (yellow) coloured lines in the plots correspond to the tree (one-loop corrected) regions
where all the constraints except ∆m2solar are within 3σ allowed region. Parameter choices are shown
in tables 4.6 and 4.7.
The variation of ∆m2atm and ∆m
2
solar with a
4
i /m
2
νc in figure 4.10 can be understood in a similar
way by looking at the right panel plots of figure 4.8. ∆m2atm shows a very little increase with a
4
e,µ/m
2
νc
as expected, whereas the change is more rapid with a4τ/m
2
νc for the range of values considered along the
x-axis. As in the case of figure 4.9, the solid dark lines correspond to the allowed values of parameters
where all the neutrino mass and mixing constraints are satisfied.
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Figure 4.10: Atmospheric and solar mass squared differences (∆m2atm, ∆m
2
solar) vs a
4
i /m
2
νc plots for
the normal hierarchical pattern of light neutrino masses with i = e, µ, τ . Colour specification is same
as described in the context of figure 4.9. Parameter choices are shown in tables 4.6 and 4.7.
For higher values of a4e,τ/m
2
νc , m
2
2 increases very slowly with these parameters (see, figure 4.8) and
this is reflected in the right panel plots of figure 4.10, where ∆m2solar shows a very slow variation with
a4e,τ/m
2
νc . On the other hand, m
2
2 increases more rapidly with a
4
µ/m
2
νc , giving rise to a faster variation
of ∆m2solar. The plots of figure 4.10 show that larger values of Yukawa couplings are required in order
to satisfy the global three flavour neutrino data, when one considers one-loop corrected neutrino mass
matrix. However, there are allowed ranges of the parameters a4i /m
2
νc , where the neutrino data can be
satisfied with both tree and one-loop corrected analysis.
We have also considered the variation of light neutrino mass squared differences with the effective
bilinear RP violating parameter, εi = Y
ijvcj . For this particular numerical study we vary both Y
ii
ν
and the right-handed sneutrino VEVs (vci ) simultaneously, in the suitable ranges around the values
given in tables 4.6 and 4.7. ∆m2atm is found to increase with εi, whereas the solar mass squared
difference decreases with increasing εi. The 3σ allowed region for the solar and atmospheric mass
squared differences were obtained for the lower values of εis. In addition, we have noticed that the
correlations of ∆m2atm with εi is sharper compared to the correlations seen in the case of ∆m
2
solar.
Next let us discuss the dependence of ∆m2atm and ∆m
2
solar on two specific model parameters, λ
and κ, consistent with EWSB conditions. The loop corrections shift the allowed ranges of κ to lower
values with some amount of overlap with the tree level result. On the other hand, the allowed ranges
of λ shrinks towards higher values when one-loop corrections are included. These results are shown in
figure 4.11. We note in passing that the mass of the lightest CP-even scalar decreases with increasing
λ. For example, λ = 0.15 can produce a lightest scalar mass of 40 GeV, for suitable choices of other
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parameters. This happens because with increasing λ, the lightest scalar state picks up more and more
right-handed sneutrino admixture. This phenomena as discussed earlier has serious consequence in the
mass of the lightest Higgs boson in µνSSM (see section 4.3 and also eqn.(4.9)).
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Figure 4.11: Plots showing the variations of ∆m2atm, ∆m
2
solar with model parameters λ and κ for
normal hierarchy. Colour specification is same as described in the context of figure 4.9. Parameter
choices are shown in tables 4.6 and 4.7.
Finally, we will discuss the tanβ dependence of ∆m2atm and ∆m
2
solar. These plots are shown in
figure 4.12. The quantity ∆m2atm decreases with the increasing values of tanβ and nearly saturates
for larger values of tanβ. However, the one-loop corrected result for ∆m2atm is not much different
from that at the tree level for a particular value of tanβ. On the other hand, the solar mass squared
difference initially increases with tanβ and for higher values of tanβ the variation slows down and
tends to saturate. The one-loop corrections result in lower values of ∆m2solar for a particular tanβ.
The darker and bigger points on both the plots of figure 4.12 are the allowed values of tanβ, where all
the neutrino experimental data are satisfied. Note that only a very small range of tanβ (∼ 10–14) is
allowed. This is a very important observation of this analysis.
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Figure 4.12: ∆m2atm, ∆m
2
solar vs tanβ plots for the normal hierarchical pattern of light neutrino
masses. The allowed values of tanβ are shown by bold points. Other parameter choices are shown in
tables 4.6 and 4.7.
Next we will discuss the light neutrino mixing and the effect of one-loop corrections on the mixing
angles. It was shown in ref. [25] that for the normal hierarchical pattern of neutrino masses, when
the parameter bi ∼ ai (see subsection 4.5.1), the neutrino mixing angles θ23 and θ13 can be written as
(with the tree level analysis), (see eqns.(4.39), (4.38))
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sin2 θ23 ≈
b2µ
b2µ + b
2
τ
, (4.62)
and
sin2 θ13 ≈ b
2
e
b2µ + b
2
τ
. (4.63)
On the other hand, the mixing angle θ12 is a much more complicated function of the parameters bi
and ai and we do not show it here. Now, when bi ∼ ai, we can easily see from eqn.(4.24), that
v′i ∼
Y iiν v1
3λ
(tanβ − 1). (4.64)
This implies that for tanβ  1 (recall that the allowed range of tanβ is ∼ 10–14),
v′i 
Y iiν v1
3λ
. (4.65)
As we have discussed earlier, for such values of v′i, the quantities bi ≈ ci. Hence, the mixing angles θ23
and θ13 can be approximately written as
sin2 θ23 ≈
c2µ
c2µ + c
2
τ
, (4.66)
and
sin2 θ13 ≈ c
2
e
c2µ + c
2
τ
. (4.67)
Naively, one would also expect that sin2 θ12 should show some correlation with the quantity c
2
e/c
2
µ.
However, as mentioned earlier, this is a very simple minded expectation since sin2 θ12 has a more
complicated dependence on the model parameters (see eqn.(4.40)).
The variation of all three mixing angles with the corresponding parameters are shown in figure 4.13.
Note that in order to generate these plots, we vary only the quantities ci and all the other parameters
are fixed at the values given in tables 4.6 and 4.7. We have chosen the range of parameters in such
a way that the 3-flavour global neutrino data are satisfied. The mixing angles have been calculated
numerically by diagonalizing the neutrino mass matrix in eqn.(4.31) and in eqn.(4.60). As expected
from our approximate analytical expressions, these plots show very nice correlations of the mixing
angles θ23 and θ13 with the relevant parameters as discussed in eqns.(4.66) and (4.67). For example,
note that when cµ ≈ cτ , sin2 θ23 is predicted to be ≈ 0.5 and that is what we observe in the tree level
plot in figure 4.13. However, when one-loop corrections are considered, the value of sin2 θ23 is predicted
to be somewhat on the lower side of the 3σ allowed region. This can be understood by looking at the
left panel plots of figure 4.9, where one can see that the one-loop corrected results prefer lower values
of c2µ and higher values of c
2
τ . Obviously, this gives smaller sin
2 θ23. On the other hand, the tree level
analysis prefers higher values of c2µ and both lower and higher values of c
2
τ . This gives rise to large as
well as small values of sin2 θ23.
If one looks at the plot of sin2 θ13 in figure 4.13, then it is evident that the amount of νe flavour in
the heaviest state (ν3) decreases a little bit with the inclusion of one-loop corrections for a fixed value
of the quantity
c2e
(c2µ+c
2
τ )
. Very small sin2 θ13 demands c
2
e  c2µ, c2τ . This feature is also consistent with
the plots in figure 4.9. The correlation of sin2 θ12 with the ratio c
2
e/c
2
µ is not very sharp as expected
from the discussion given above. However, a large θ12 mixing angle requires a larger value of this
ratio. The effect of one-loop correction is more pronounced in this case and predicts a smaller value
of sin2 θ12 compared to the tree level result. There is no specific correlation of the mixing angles with
the quantities a2i and we do not show them here.
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Figure 4.13: Variation of sin2θ23 with
c2µ
(c2µ+c
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τ )
, sin2θ12 with
c2e
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, sin2θ13 with
c2e
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τ )
for normal hierarchy
of light neutrino masses. Parameter choices are shown in tables 4.6 and 4.7.
4.8.2 Inverted hierarchy
In this subsection we perform a similar numerical analysis for the inverted hierarchical scheme of
three light neutrino masses. Recall that for the inverted hierarchical pattern of light neutrino masses,
the absolute values of the mass eigenvalues are such that m2 > m1  m3. Thus the solar and the
atmospheric mass squared differences are defined as ∆m2atm = m
2
1 − m23 and ∆m2solar = m22 − m21.
In order to generate such a mass pattern, the choices of neutrino Yukawa couplings Y iiν and the left-
handed sneutrino VEVs v′i are shown in table 4.7. However, these are just sample choices and other
choices also exist as we will see during the course of this discussion. The choices of other parameters
are shown in table 4.6. The effect of one-loop corrections to the mass eigenvalues are such that the
absolute values of masses m3 and m1 become smaller whereas m2 grows in magnitude. This effect of
increasing the absolute value of m2 while decreasing that of m1 makes it extremely difficult to account
for the present 3σ limits on ∆m2solar.
Typical mass spectra are shown in figure 4.14. Once again note that a particular model parameter
has been varied while the others are fixed at values given in tables 4.6 and 4.7. As it is evident from
these plots, the masses m1 and m3 are controlled mainly by the parameters a
2
i /m
c
ν , whereas the mass
m2 is controlled by the seesaw parameters c
2
i /M though there is a small contribution coming from
a2i /m
c
ν as well.
Let us now turn our attention to the variation of |∆m2atm| and ∆m2solar with c4i /M2 and a4i /m2νc
shown in figure 4.15 and figure 4.16. For our numerical analysis, we have set the scale of m3 as
|m3|max < 0.011 eV. The left panel in figure 4.15 shows that |∆m2atm| increases with c4µ,τ/M2 and
decreases with c4e/M
2. This is essentially the behaviour shown by m21 with the variation of c
4
i /M
2.
Similar behaviour is obtained for the one-loop corrected ∆m2atm. The decrease in the one-loop corrected
result compared to the tree level one is due to the splitting in m21 value as shown in figure 4.14.
The variation of ∆m2solar with c
4
i /M
2 can be understood in a similar manner by looking at figure
4.14. As explained earlier, in the case of ∆m2solar, the one-loop corrected result is larger compared
to the tree level one. The range of parameters satisfying all the three flavour global neutrino data
are shown by the fewer dark points on the plots. Note that the increase of ∆m2solar at the one-loop
level is such that we do not even see any allowed range of parameters when looking at the variation
with respect to c4e,τ/M
2. Once again, the behaviour of ∆m2atm and ∆m
2
solar with the change in the
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Figure 4.14: Neutrino mass squared values (m2i ) vs
c4i
M2 (left panel) and vs
a4i
m2
νc
(right panel) plots for
the inverted hierarchical pattern of light neutrino masses, i = e, µ, τ . Parameter choices are shown in
tables 4.6 and 4.7.
parameters a4i /m
2
νc (shown in figure 4.16) can be explained by looking at the right panel plots of figure
4.14.
We have also investigated the nature of variation of |∆m2atm| and ∆m2solar with ε2i , the squared
effective bilinear RP -violating parameters. |∆m2atm| was found to increase with ε2i (the increase is
sharper for ε21), whereas ∆m
2
solar initially increases very sharply with ε
2
i (particularly for ε
2
1 and ε
2
2)
and then becomes flat. In the one-loop corrected results we do not find any range of values for
parameters where the neutrino data are satisfied. These plots are not shown here.
The variation of mass squared differences with λ and κ have also been analyzed. The variation of
|∆m2atm| and ∆m2solar with λ and κ are found to be opposite to those of normal hierarchical scenario.
The one-loop corrected results do not show any allowed ranges of λ and κ (for the chosen values of
other parameters) where the neutrino data can be satisfied.
The tanβ dependence of |∆m2atm| and ∆m2solar is shown in figure 4.17. One can see from these
two figures that |∆m2atm| initially increases and then start decreasing at a value of tanβ around 10.
On the other hand, ∆m2solar initially decreases and then start increasing around the same value of
tanβ. Note that the one-loop corrected result for |∆m2atm| is lower than the corresponding tree level
result for tanβ < 10 whereas the one-loop corrected result for ∆m2solar is lower than the corresponding
tree level result for tanβ > 10. For the chosen values of other parameters we see that the one-loop
corrected analysis does not provide any value of tanβ where the neutrino data can be satisfied.
We conclude the discussion on inverted hierarchy by addressing the dependence of neutrino mixing
angles with the relevant parameters. In figure 4.18 we show the variation of the neutrino mixing angles
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Figure 4.15: Atmospheric and solar mass squared differences (|∆m2atm|, ∆m2solar) vs c
4
i
M2 plots for the
inverted hierarchical pattern of light neutrino masses with i = e, µ, τ . Colour specification is same as
described in the context of figure 4.9. Parameter choices are shown in tables 4.6 and 4.7.
with the same set of parameters as chosen for the normal hierarchical scenario. We notice that for
inverted hierarchy the quantity sin2 θ23 decreases with increasing
c2µ
(c2µ+c
2
τ )
which is just opposite to that
of the normal hierarchy (see, figure 4.13). Nevertheless, the correlation of sin2 θ23 with
c2µ
(c2µ+c
2
τ )
is as
sharp as in the case of normal hierarchy. A similar feature is obtained for the variation with
a2µ
(a2µ+a
2
τ )
.
On the other hand, the correlations of sin2 θ12 with
c2e
c2µ
and
a2e
a2µ
and the correlations of sin2 θ13 with
c2e
(c2µ+c
2
τ )
and
a2e
(a2µ+a
2
τ )
are not very sharp and we do not show them here. There are allowed values of
relevant parameters where all neutrino data can be satisfied. Remember that, for the plots with cis,
we varied all the cis simultaneously, keeping the values of ais fixed at the ones determined by the
parameters in table 4.7. Similarly, for the variation of ais, the quantities cis were kept fixed. The
inclusion of one-loop corrections restrict the allowed values of parameter points significantly compared
to the tree level results.
4.8.3 Quasi-degenerate spectra
The discussion on the light neutrino mass spectrum remains incomplete without a note on the so-called
“quasi-degenerate” scenario. A truly degenerate scenario of three light neutrino masses is, however,
inconsistent with the oscillation data. Hence, the quasi-degenerate scenario of light neutrino masses is
defined in such a way that in this case all the three individual neutrino masses are much larger compared
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Figure 4.16: Atmospheric and solar mass squared differences (|∆m2atm|, ∆m2solar) vs a4i /m2νc plots for
the inverted hierarchical pattern of light neutrino masses with i = e, µ, τ . Colour specification is same
as described in the context of figure 4.9. Parameter choices are shown in tables 4.6 and 4.7.
to the atmospheric neutrino mass scale. Mathematically, one writes m1 ≈ m2 ≈ m3 
√
|∆m2atm|.
Obviously, the oscillation data suggest that even in such a situation there must be a mild hierarchy
among the degenerate neutrinos. It is important to note that unlike the normal or inverted hierarchical
scheme of light neutrino masses, in the case of quasi-degenerate neutrinos all three neutrinos must be
massive in order to satisfy oscillation data (see table 3.1). In the case of normal or inverted hierarchical
neutrino masses it is possible to accommodate the three flavour neutrino data even with two massive
neutrinos.
In this subsection we have shown that the huge parameter space of µνSSM always leaves us with
enough room to accommodate quasi-degenerate spectrum. For our numerical analysis, we called a set
of light neutrino masses to be quasi-degenerate if the lightest among them is greater than 0.1 eV. We
choose two sets of sample parameter points which are given below in tabular form (values of other
parameters are same as in table 4.6). For these two sets of neutrino Yukawa couplings (Y iiν ) and the
left-handed sneutrino VEVs (v′i) we observe the following patterns of light neutrino masses at the tree
level
(i) Quasi-degenerate-I: m3 & m2 & m1 
√
|∆m2atm|
(ii) Quasi-degenerate-II: m2 & m1 & m3 
√
|∆m2atm|.
For case (i), we have varied the parameters around the values in table 4.7 and identified a few extremely
fine-tuned points in the parameter space where either the tree level or the one-loop corrected result
is consistent with the three flavour global neutrino data. Two representative spectrum as function of
c4e
M2 and
a4e
m2
νc
are shown in figure 4.19. The mass spectrum for Quasi-degenerate-I case is analogous to
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Figure 4.17: |∆m2atm|, ∆m2solar vs tanβ plots for the inverted hierarchical pattern of light neutrino
masses. Colour specification is same as described in the context of figure 4.9. Parameter choices are
shown in tables 4.6 and 4.7.
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for inverted hierarchy of light neutrino
masses. Parameter choices are shown in tables 4.6 and 4.7.
a normal hierarchical scenario whereas that for Quasi-degenerate-II resembles a inverted spectrum.
As mentioned earlier, one can play with the model parameters and obtain a spectrum with a
different ordering of masses termed as “Quasi-degenerate-II” in table 4.7. However, for such an ordering
of masses, we found that it was rather impossible to find any region of parameter space where the
one-loop corrected result satisfies all the constraints on neutrino masses and mixing. Nevertheless, we
must emphasize here that it is not a completely generic conclusion and for other choices of soft SUSY
breaking and other parameters it could be possible to have a spectrum like that shown in “Quasi
degenerate II” with neutrino constraints satisfied even at the one-loop level. On the other hand, there
exist regions where neutrino data are satisfied at the tree level with this ordering of masses.
4.9 Summary
So in a nutshell in µνSSM it is possible to account for three flavour global neutrino data itself at
the tree level even with the choice of flavour diagonal neutrino Yukawa couplings. Besides, different
hierarchical (normal, inverted, quasi-degenerate) scheme of light neutrino mass can be accommodated
by playing with the hierarchy in Yukawa couplings. The tree level results of neutrino masses and
mixing show appreciable variation with the inclusion of the one-loop radiative corrections, depending
on the light neutrino mass hierarchy.
It seems so far that the µνSSM is extremely successful in accommodating massive neutrinos both
with tree level and one-loop combined analysis, consistent with the three flavour global data (see
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Figure 4.19: Neutrino mass squared values (m2i ) vs
c4e
M2 (left panel) and vs
a4e
m2
νc
(right panel) plots for
the quasi-degenerate pattern of light neutrino masses. Parameter choices are shown in tables 4.6 and
4.7.
table 3.1). But how to test these neutrino physics information in a collider experiment, which can give
additional checks for the µνSSM model? Fortunately for us certain ratios of the decay branching ratios
of the lightest neutralino (which is also the LSP for a large region of the parameter space) show nice
correlations with certain light neutrino mixing angle [25,26]. These correlations could act as excellent
probes to the µνSSM model in the ongoing era of the colliders. These issues will be considered in
details in the next chapter.
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Chapter 5
µνSSM: decay of the LSP
5.1 A decaying LSP
We have learned already in section 2.6 that the lightest supersymmetric particle (LSP) is absolutely
stable so long as Rp is conserved. Besides, as argued in section 3.4 that the LSP has to be charge
and colour neutral [1–3] so long it preserves its stability. Consequently, only the electrically neutral
colourless sparticles remain to be the only possible choice for the LSP. Interestingly, when Rp is broken
(figure 2.5, see also section 2.6), any sparticle (the lightest neutralino, chargino [4], squark, gluino [5–7],
sneutrino [8], (see also ref. [3])) can be the LSP. In a supersymmetric model with broken Rp the LSP
will decay into further lighter states namely, into the SM particles. Apart from the neutrinos rest of
these decay products are easily detectable in a collider experiment and thus can act as a potential
probe for the underlying model. Since µνSSM is an Rp-violating supersymmetric model, the LSP for
this model is also unstable and can yield striking signatures at the collider which we aim to discuss
in this chapter. This remarkable feature is absent in the conventional Rp conserving supersymmetric
models, where any sparticle decay ends with LSP in the final state and hence yield large missing energy
signatures. For example if the lightest neutralino (χ˜01) is the LSP then the following two and three
body decay modes are kinematically possible
χ˜01 → W±`∓, Z0νk, h0νk,
→ bb¯νk, `+i `−j νk, qiq¯iνk, qiq¯′j`∓k , νiν¯jνk. (5.1)
The lightest neutralino (χ˜01) can be the LSP in a large region of the parameter space. The three body
decay modes become dominant when mass of the LSP (mχ˜01) is less than that of the W -boson (mW ).
The corresponding Feynman diagrams are given in appendix G, section G.1 (figures G.1, G.2). It is
also interesting to note that apart from these tree level two and three body decays the LSP can also
decay into a neutrino and a photon radiatively [9–12].
One more important aspect in the decays of the lightest supersymmetric particle through Rp-
violating channel is the appearance of the displaced vertices [13–17]. The displaced vertices appear to
be macroscopic (∼ a few mm or larger) due to the smallness of the associated Rp-violating couplings.
A displaced vertex is defined as the distance traversed by a neutral particle between the primary and
the secondary interaction points. The displaced vertices are extremely useful to remove undesired
backgrounds in case of a collider analysis. The length of the displaced vertices also vary with the
nature of the lightest neutralino or the LSP. Thus, before proceeding further it is important to discuss
about the various LSP scenario in µνSSM. We note in passing that in this chapter we concentrate on
the two-body decays only and in the next chapter we will discuss about the three body decays.
5.2 Different LSP scenarios in µνSSM
In the µνSSM the neutralino sector is highly enriched compared to that of the MSSM due to Rp-
violating mixing of the MSSM neutralinos with the three generations of left-handed and right-handed
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neutrinos. So mathematically in µνSSM with gaugino mass unification at the GUT scale (that is at
the electroweak scale M2 = 2M1), possible LSP natures are described by
1. χ01 ≈ N11B˜0, |N11|2 ∼ 1V bino like χ˜01.
2. χ01 ≈ N13H˜0d + N14H˜0u, |N13|2 + |N14|2 ∼ 1V higgsino like χ˜01.
3. χ01 ≈
∑
Ni,α+4ν
c
α, |N15|2 + |N16|2 + |N17|2 ∼ 1V right-handed neutrino (νc) like χ˜01.
In terms of the model ingredients the LSP nature in µνSSM depends on the relative dominance of
three parameters, (1) the U(1) gaugino soft mass M1 (see eqn.(4.2)), (2) the higgsino mass parameter
or the µ-term (= 3λvc) (see eqns.(4.6), (4.8)) and (3) the right-chiral neutrino Majorana mass term,
mνc (= 2κv
c) (using eqn.(4.8), see eqn.(C.2)) [18–20]. Thus we can write
I. µ, mνc > M1 =⇒ LSP bino (gaugino) like.
II. M1, mνc > µ =⇒ LSP higgsino like.
III. M1, µ > mνc =⇒ LSP right-handed neutrino like. Since right-handed neutrinos are singlet under
the SM gauge group, a right-handed neutrino like LSP is often called a “singlino” LSP.
It is important to mention that the right sneutrinos (ν˜c) are also eligible candidate for the LSP in
µνSSM [18,21]. Also as a continuation of the discussion of the last section, the length of the displaced
vertices can vary from a few mm to a few cm for a bino like LSP to a higgsino like LSP [18,19]. On the
other hand, for a singlino LSP the length of the displaced vertices can be as large as a few meters [19,20].
None of these are unexpected since a bino like LSP, being a gaugino, has gauge interactions and the
gauge couplings are ∼ O (1) couplings whereas a higgsino like LSP involves smaller Yukawa couplings
which is responsible for a smaller decay width and consequently a larger (∼ a few cm) displaced vertices.
A singlino LSP on the other hand is mostly a gauge singlet fermion by nature and thus couples to
other particles via very small Rp-violating couplings, which finally yield a large displaced vertex.
5.3 Decays of the lightest neutralino in µνSSM
In this section we aim to calculate a few tree level two-body decays of the lightest neutralino χ˜01 in
µνSSM model [18]. As stated earlier we denote the lightest neutralino as χ˜01 when the seven neutralino
masses (see eqn.(4.16)) are arranged in the increasing order of magnitude (χ˜01 being the lightest and χ˜
0
7
being the heaviest). However, for this chapter from now on, we follow the convention of ref. [18] where
the eigenvalues are arranged in reverse order so that χ˜07 denotes the lightest neutralino. The lightest
neutralino considered here is either the LSP or the next-to LSP (NLSP). The lightest neutralino mass
is set to be more than mW such that two-body decays dominate. Two-body and three-body decays of
the LSP in µνSSM has been discussed in a recent ref. [19] with one generation of right handed neutrino
superfield. Three-body decays of a singlino like lightest neutralino (which is also the LSP) for µνSSM
also has been addressed in ref. [20].
In this section we mainly concentrate on the two-body decays like
χ˜07 −→W± + `∓k (5.2)
χ˜07 −→ Z + νk, ,
where k = 1, 2, 3 ≡ e, µ, τ . The required Feynman rules are given in appendix D. Let us also remark
that the lightest neutralino can also decay to h0 + νk, if it is kinematically allowed, where h
0 is the
MSSM-like lightest Higgs boson (this is true if the amount of admixture of the MSSM Higgses with
the right-handed sneutrinos are very small). However, for our illustration purposes we have considered
the mass of the lightest neutralino in such a way that this decay is either kinematically forbidden or
very much suppressed (assuming a lower bound on the mass of h to be 114 GeV). Even if this decay
branching ratio is slightly larger, it is usually smaller than the branching ratios in the (`±i + W
∓)
channel. Hence, this will not affect our conclusions regarding the ratios of branching ratios in the
charged lepton channel (`i + W ), to be discussed later. The lightest neutralino decay χ˜
0
7 → ν + ν˜c,
where ν˜c is the scalar partner of the gauge singlet neutrino νc, is always very suppressed. We will
discuss more on this when we consider a νc dominated lightest neutralino in subsection 5.4.3.
Consider the following decay process
χ˜i −→ χ˜j + V, (5.3)
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where χ˜i(j) is either a neutralino
1 or chargino, with mass mi(j) and V is the gauge boson which is
either W± or Z, with mass mv. The masses mi and mj are positive.
The decay width for this process in eqn.(5.3) is given by [22–24]
Γ (χ˜i −→ χ˜j + V ) = g
2K1/2
32 pim3im
2
W
× {(G2L +G2R)F −G∗LGR G} , (5.4)
where F , G are functions of mi,mj ,mv and given by
F(mi,mj ,mv) = K + 3 m2v
(
m2i +m
2
j −m2v
)
,
G(mi,mj ,mv) = 12 ijmimjm2v, (5.5)
with i(j) carrying the actual signs (±1) of the neutralino masses [25]. The chargino masses must be
positive. The kinematical factor K is given by
K(m2i ,m2j ,m2v) =
(
m2i +m
2
j −m2v
)2 − 4 m2im2j . (5.6)
In order to derive eqn.(5.4), we have used the relation m2W = m
2
Z cos
2 θW and since v
′
i << v1, v2,
some of the MSSM relations still hold good. The factors GL, GR are given here for some possible
decay modes
For χ˜0i −→ χ˜0jZ
GL = O
′′L
ji , GR = O
′′R
ji ,
For χ˜0i −→ χ˜+j W−
GL = O
L
ij , GR = O
R
ij , (5.7)
where O
′′L(R)
ji and O
L(R)
ij are given by (using eqns.(D.8),(D.13) without the sign factors i, ηj)
O′′
L
ij = −
1
2
Ni3N
∗
j3 +
1
2
Ni4N
∗
j4 −
1
2
Ni,k+7N
∗
j,k+7,
O′′
R
ij = −O′′
L
ij
∗
, k = 1, 2, 3,
OLij = Ni2V
∗
j1 −
1√
2
Ni4V
∗
j2,
ORij = N
∗
i2Uj1 +
1√
2
N∗i3Uj2 +
1√
2
N∗i,k+7Uj,k+2. (5.8)
Now consider the decays shown in eqn.(5.2). At this stage let us discuss our notation and convention
for calculating these decays [18]. The neutralino mass matrix is a 10×10 mass matrix which includes
three generations of the left-handed as well as the gauge-singlet neutrinos (eqns.(4.13), (4.14)). If the
mass eigenvalues of this matrix are arranged in the descending order then the three lightest eigenvalues
of this 10×10 neutralino mass matrix would correspond to the three light neutrinos. Out of the
remaining seven heavy eigenvalues, the lightest one is denoted as the lightest neutralino. Thus, as
argued earlier in our notation χ˜07 is the lightest neutralino (LN) and χ˜
0
j+7,where j = 1, 2, 3 correspond
to the three light neutrinos [18]. Similarly, for the chargino masses, χ˜±l+2 (l = 1, 2, 3) corresponds to
the charged leptons e, µ, τ . Immediately, with this choice, we can write down different natures of the
lightest neutralino as
A. χ07 ≈ N71B˜0, |N71|2 ∼ 1V bino like LN.
B. χ07 ≈ N73H˜0d + N74H˜0u, |N73|2 + |N74|2 ∼ 1V higgsino like LN.
C. χ07 ≈
∑
N7,α+4ν
c
α, |N75|2 + |N76|2 + |N77|2 ∼ 1V νc like LN.
So for χ˜0LN → Z + νk, which is also equivalent to χ˜07 → Z + χ˜0j+7 (j = 1, 2, 3), one gets from
eqn.(5.7) and eqn.(5.8)
GL = −1
2
Nj+7,3N
∗
73 +
1
2
Nj+7,4N
∗
74 −
1
2
Nj+7,k+7N
∗
7,k+7,
GR = −G∗L, (5.9)
1Remember that the neutrinos are also a part of the extended neutralino matrix (eqn.(4.10)).
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where j, k = 1, 2, 3 and this in turn modifies eqn.(5.4) as
Γ
(
χ˜07 → Z + χ˜0j+7
)
=
g2K1/2
32 pim3
χ˜07
m2W
×
{
2 G2LF +G∗
2
L G
}
, (5.10)
with mi = mχ˜07 , mj = mνj ≈ 0 (eqn.(4.16)) and mv = mZ .
Let us now consider the other decay which is χ˜0LN →W±+ `∓ or equivalently χ˜07 →W±+ χ˜∓j (j =
3, 4, 5).
For the process χ˜07 →W− + χ˜+j
Γ
(
χ˜07 →W− + χ˜+j
)
=
g2K1/2
32 pim3
χ˜07
m2W
× {(G2L +G2R)F −G∗LGR G} ,
GL = N72V
∗
j1 −
1√
2
N74V
∗
j2,
GR = N
∗
72Uj1 +
1√
2
N∗73Uj2 +
1√
2
N∗7,k+7Uj,k+2,
(k = 1, 2, 3), (5.11)
where eqn.(5.7) and eqn.(5.8) have been used. The process χ˜07 −→ W+ + χ˜−j is obtained by charge
conjugation of the process in eqn.(5.11).
Note that the neutralino mixing matrix N contains the expansion parameter ξ (eqn.(4.23)) which
as shown in appendix C can be expressed as a function of the quantities ai, bi, ci (eqn.(4.24)). On the
other hand as shown in eqns.(5.10), (5.11) the decay widths (for χ˜07 → Z + νj and χ˜07 → W± + `∓j )
contain quadratic power of N, that is, these decay widths are quadratic in ξ or even more precisely
quadratic in ai, bi, ci. This information will be explored further in the next section.
5.4 Light neutrino mixing and the neutralino decay
In µνSSM, the light neutrino mixing angles are expressible in terms of the parameters ai, bi, ci (see
eqn.(4.24)). These relations were also verified numerically, as shown in figures 4.3, 4.4, 4.5. Now it
has been already argued in the last section that the two-body decays of the lightest neutralino are
also quadratic in ai, bi, ci parameters. Combining these two pictures we found that in µνSSM the light
neutrino mixing angles are correlated with the lightest neutralino (or LSP) decays, to be more precise
with the ratios of the decay branching ratio (Br) [18].
These correlations are well studied in the context of the Rp-violating supersymmetric model of
light neutrino mass generation [13–17]. Nevertheless, one should note certain differences in these two
cases. In µνSSM lepton number is broken explicitly in the superpotential by terms which are trilinear
as well as linear in singlet neutrino superfields. In addition to that there are lepton number conserving
terms involving the singlet neutrino superfields with dimensionless neutrino Yukawa couplings. After
the electroweak symmetry breaking these terms can generate the effective bilinear R-parity violating
terms as well as the ∆L =2 Majorana mass terms for the singlet neutrinos in the superpotential. In
general, there are corresponding soft supersymmetry breaking terms in the scalar potential. Thus the
parameter space of this model is much larger compared to the bilinear Rp violating model. Hence,
in general, one would not expect a very tight correlation between the neutrino mixing angles and the
ratios of decay branching ratios of the LSP. However, under certain simplifying assumptions [18], one
can reduce the number of free parameters and in those cases it is possible that the above correlations
reappear. This issue has been studied in great detail for the two body `±−W∓ final states in ref. [18]
and for all possible two and three body final states in ref. [19]. Let us note in passing that such a nice
correlation is lost in the general scenario of bilinear-plus-trilinear R-parity violation [15].
Another important difference between µνSSM and the bilinear R-parity violating model in the
context of the decay of the LSP (assumed to be the lightest neutralino in this case) is that in µνSSM
the lightest neutralino can have a significant singlet neutrino (νc) contribution. In this case, the
correlation between neutrino mixing angles and decay branching ratios of the LSP is different [18, 19]
compared to the cases when the dominant component of the LSP is either a bino, or a higgsino or a
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Wino. This gives us a possibility of distinguishing between different R-parity violating models through
the observation of the decay branching ratios of the LSP in collider experiments [18, 19]. In addition,
the decay of the lightest neutralino will show displaced vertices in collider experiments and when the
lightest neutralino is predominantly a singlet neutrino, the decay length can be of the order of several
meters for a lightest neutralino mass in the neighbourhood of 50 GeV [19]. This is very different from
the bilinear R-parity violating model where for a Bino LSP of similar mass the decay length is less
than or of the order of a meter or so [16].
In references [13, 16, 26] this correlation was studied for a bino like neutralino LSP. However, the
correlations appear for other natures of the lightest supersymmetric particle as well [27–29]. These
inter-relations reflects the predictive power of a model where the light neutrino mass generation as well
as the lightest neutralino/LSP decays are governed by a common set of small number of parameters.
These correlations are also addressed in a recent review [30]. So in conclusion, with the help of these
nice correlations neutrino mixing angles can be indirectly measured in colliders by comparing the
branching ratios of the lightest neutralino or the LSP decay modes.
We observe that the correlations between the lightest neutralino decays and neutrino mixing angles
depend on the nature of the lightest neutralino as well as on the mass hierarchies of the neutrinos,
i.e. whether we have a normal hierarchical pattern of neutrino masses or an inverted one [18]. In this
section we look into these possibilities in details with three different natures of the lightest neutralino.
We consider that the lightest neutralino to be either (1) bino dominated or (2) higgsino dominated
or (3) right-handed neutrino dominated. For each of these cases we consider both the normal and
the inverted hierarchical pattern of neutrino masses. In the case of a bino or a higgsino like lightest
neutralino, they are also the LSP but for a right-handed neutrino dominated lightest neutralino it is
the NLSP with right handed sneutrino as the LSP [18]. The possibility for a right-handed neutrino
or singlino like lightest neutralino LSP has also been addressed in references [19, 20]. We show that
for the different natures of the lightest neutralino, the ratio of branching ratios of certain decays of
the lightest neutralino correlates with certain neutrino mixing angle. In some cases the correlation
is with the atmospheric angle (θ23) and the reactor angle (θ13) and in other cases the ratio of the
branching ratios correlates with the solar mixing angle (θ12). Nevertheless, there also exists scenarios
with no correlations at all. Let us now study these possibilities case by case [18] in three subsequent
subsections. As already mentioned, that the interesting difference between this study and similar
studies with Rp violating scenario [13–16,31] in the MSSM is the presence of a gauge singlet neutrino
dominated lightest neutralino. We will see later that in this case the results can be very different
from a bino or higgsino dominated lightest neutralino. The lightest neutralino decays in neutrino mass
models with spontaneous R-parity violation have been studied in ref. [32]. Our parameter choices for
the next three subsections are consistent with the constraints of the scalar sector (section 4.3).
5.4.1 Bino dominated lightest neutralino
According to our choice, at the EW scale the ratio of the U(1) and SU(2) gaugino masses are M1 :
M2 = 1 : 2. If in addition, M1 < µ and the value of κ is large (so that the effective gauge singlet
neutrino mass 2κvc is large), the lightest neutralino is essentially bino dominated and it is the LSP. First
we consider the case when the composition of the lightest neutralino is such that, the bino-component
|N71|2 > 0.92 and neutrino masses follow the normal hierarchical pattern. We have observed that for
the bino dominated case, the lightest neutralino (χ˜07) couplings to `
±–W∓ pair (where ` = e, µ or τ)
depend on the quantities bi along with a factor which is independent of various lepton generations.
Naturally, we would expect that the ratios of various decay branching ratios such as BR(χ˜07 → e+W ),
BR(χ˜07 → µ + W ), and BR(χ˜07 → τ + W ) show nice correlations with the quantities b2i /b2j with i, j
being e, µ or τ . This feature is evident from figure 5.1. Here we have scanned the parameter space of
the three neutrino Yukawa couplings with random values for a particular choice of the couplings λ, κ
and the associated soft SUSY breaking trilinear parameters, as well as other MSSM parameters. The
trilinear soft parameters Aν corresponding to Yνs also vary randomly in a certain range. In addition
we have imposed the condition that the lightest neutralino (which is the LSP) is bino dominated and
neutrino mass pattern is normal hierarchical.
We have checked that the correlations between the ratios of the lightest neutralino decay branching
ratios and b2i /b
2
j is more prominent with increasing bino component of the lightest neutralino. Note
114 CHAPTER 5. µνSSM: DECAY OF THE LSP
0.6 0.8 1.0 1.2 1.4
bµ
2
 / b
τ
2
0.6
0.8
1.0
1.2
1.4
Br
(χ
0 7
 
−
−
>
 µ
−
W
) / 
Br
(χ
0 7
 
−
−
>
 τ
−
W
)
NORMAL HIERARCHY
LSP BINO DOMINATED
0 0.02 0.04 0.06 0.08
b
e
2
 / b
τ
2
0
0.02
0.04
0.06
0.08
Br
(χ
0 7
 
−
−
>
 e
-
 
W
) / 
Br
(χ
0 7
 
−
−
>
 τ
−
W
)
NORMAL HIERARCHY
LSP BINO DOMINATED
0 0.05 0.10 0.15
b
e
2
 / bµ
2
0
0.05
0.10
0.15
Br
(χ
0 7
 
−
−
>
 e
-
 
W
) / 
Br
(χ
0 7
 
−
−
>
 µ
−
W
)
NORMAL HIERARCHY
LSP BINO DOMINATED
Figure 5.1: Ratio
Br(χ07−→`i W )
Br(χ07−→`j W ) versus
b2i
b2j
plot for a bino like lightest neutralino (the LSP) with bino
component, |N71|2 > 0.92, where i, j, k = e, µ, τ . Neutrino mass pattern is taken to be normal
hierarchical. Choice of parameters are M1 = 110 GeV, λ = 0.13, κ = 0.65,mν˜c = 300 GeV and mL˜ =
400 GeV. Mass of the LSP is 106.9 GeV. The value of the µ parameter comes out to be −228.9 GeV.
that when (bi/bj)
2 → 1 the ratios of branching ratios shown in figure 5.1 also tend to 1. We have
seen earlier that the neutrino mixing angles θ23 and θ13 also show nice correlation with the ratios
b2µ/b
2
τ and b
2
e/b
2
τ , respectively (see figure 4.3). Hence we would expect that the ratios of the branching
ratios
BR(χ˜07→µW )
BR(χ˜07→τW ) and
BR(χ˜07−→e W )√
BR(χ˜07−→µ W )2+BR(χ˜07−→τ W )2
show correlations with tan2 θ23 and tan
2 θ13.
These correlations are shown in figure 5.2. We have seen earlier (see eqn. (C.6)) that with the normal
hierarchical pattern of the neutrino masses, the atmospheric mass scale is determined by the quantity
Ωb =
√
b2e + b
2
µ + b
2
τ . Naturally one would expect that the atmospheric and the reactor angles are
correlated with the `+W final states of the lightest neutralino decays and no correlation is expected
for the solar angle. This is what we have observed numerically. Here we have considered the regions
of the parameter space where the neutrino mass-squared differences and mixing angles are within the
3σ allowed range as shown in table 3.1. Figures 5.2 also shows the model prediction for the ratios
of branching ratios where the neutrino experimental data are satisfied. For our sample choice of
parameters in figure 5.2, one would expect that the ratio
BR(χ˜07−→µ W )
BR(χ˜07−→τ W ) should be in the range 0.45 to
1.25. Similarly, the other ratio
BR(χ˜07−→e W )√
BR(χ˜07−→µ W )2+BR(χ˜07−→τ W )2
is expected in this case to be less than
0.07. We can also see from figure 5.2 that the ratio of branching ratios in the (µ + W ) and (τ + W )
channels becomes almost equal for the maximal value of the atmospheric mixing angle (θ23 = 45
◦).
On the other hand, we do not observe any correlation with the solar mixing angle θ12 since it is a
complicated function of a2i and b
2
i (see eqn. (4.40)).
In the case of inverted hierarchical mass pattern of the light neutrinos, the χ˜07–`i–W coupling
is still controlled by the quantities b2i . Hence the ratios of the branching ratios discussed earlier,
show nice correlations with b2i /b
2
j (see figure 5.3). However, in this case the solar mixing angle shows
some correlation with the ratio
BR(χ˜07−→e W )√∑
BR(χ˜07−→`i W )2
with `i = µ, τ . This is shown in figure 5.4. The
correlation is not very sharp and some dispersion occurs due to the fact that the two heavier neutrino
masses controlling the atmospheric mass scale and solar mass-squared difference are not completely
determined by the quantities b2i and there is some contribution of the quantities a
2
i , particularly for
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Figure 5.2: Ratio
Br(χ07−→µ W )
Br(χ07−→τ W ) versus tan
2 θ23 (left),
Br(χ07−→e W )√
Br(χ07−→µ W )2+Br(χ07−→τ W )2
with
tan2 θ13 (right) plot for a bino dominated lightest neutralino (the LSP) with bino component,
|N71|2 > 0.92. Neutrino mass pattern is normal hierarchical. Choice of parameters are same as
that of figure 5.1.
the second heavy neutrino mass eigenstate.
The correlation of the ratio
BR(χ˜07−→µ W )
BR(χ˜07−→τ W ) with tan
2 θ23 shows a different behaviour compared to
what we have seen in the case of normal hierarchical scenario. This is because in the case of inverted
hierarchical mass pattern of the neutrinos, tan2 θ23 decreases with increasing b
2
µ/b
2
τ . One can observe
from Figures 5.2 and 5.4 that if the experimental value of the ratio
BR(χ˜07−→e W )√
BR(χ˜07−→µ W )2+BR(χ˜07−→τ W )2
is  1 then that indicates a normal hierarchical neutrino mass pattern for a bino-dominated lightest
neutralino LSP whereas a higher value (∼ 1) of this ratio measured in experiments might indicate that
the neutrino mass pattern is inverted hierarchical. Similarly a measurement of the ratio
BR(χ˜07−→µ W )
BR(χ˜07−→τ W )
can also give an indication regarding the particular hierarchy of the neutrino mass pattern in the case
of a bino dominated LSP.
5.4.2 Higgsino dominated lightest neutralino
When one considers higher values of the U(1) gaugino mass M1, i.e. M1 > µ and large value of κ
(so that the effective gauge singlet neutrino mass 2κvc is large), the lightest neutralino is essentially
higgsino dominated and it is the LSP. Naturally one needs to consider a small value of the coupling
λ so that the effective µ parameter (µ = 3λvc) is smaller. In order to look at the lightest neutralino
decay branching ratios in this case, we consider a situation where the higgsino component in χ˜07
is |N73|2 + |N74|2 > 0.90. As in the case of a bino dominated LSP, the generation dependence of
the χ˜07–`i–W couplings comes through the quantities b
2
i . However, because of the large value of
the τ Yukawa coupling, the higgsino–τ mixing is larger and as a result the partial decay width of
χ˜07 into (W + τ) is larger than into (W + µ) and (W + e). This feature is shown in figure 5.5,
where the ratios of branching ratios are plotted against the quantities b2i /b
2
j . The domination of
BR(χ˜07 → τ +W ) over the other two is clearly evident. Nevertheless, all the three ratios of branching
ratios show sharp correlations with the corresponding b2i /b
2
j . In this figure the normal hierarchical
pattern of the neutrino masses has been considered. As in the case of a bino LSP, here also the ratios
BR(χ˜07−→µ W )
BR(χ˜07−→τ W ) and
BR(χ˜07−→e W )√
BR(χ˜07−→µ W )2+BR(χ˜07−→τ W )2
show nice correlations with neutrino mixing angles
θ23 and θ13, respectively. This is shown in figure 5.6. However, in this case the predictions for these
two ratios are very different from the bino LSP case. The expected value of the ratio
BR(χ˜07−→µ W )
BR(χ˜07−→τ W )
is approximately between 0.05 and 0.10 in a region where one can accommodate the experimental
neutrino data. Similarly, the predicted value of the ratio
BR(χ˜07−→e W )√
BR(χ˜07−→µ W )2+BR(χ˜07−→τ W )2
is ≤ 0.006.
On the other hand, there is no such correlations with the solar mixing angle θ12.
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Figure 5.3: Ratio
BR(χ˜07−→`−i W )
BR(χ˜07−→`−j W )
versus
b2i
b2j
plot for a bino like lightest neutralino (the LSP) with bino
component |N71|2 > 0.95, where i, j, k = e, µ, τ . Neutrino mass pattern is inverted hierarchical.
Choice of parameters are M1 = 105 GeV, λ = 0.15, κ = 0.65,mν˜c = 300 GeV and mL˜ = 445 GeV.
Mass of the LSP is 103.3 GeV. The value of the µ parameter comes out to be −263.7 GeV.
Similar correlations of the ratios of branching ratios with b2i /b
2
j are also obtained for a higgsino
dominated LSP in the case where the neutrino mass pattern is inverted hierarchical. Once again it
shows that the χ˜07 decays to (τ+W ) channel is dominant over the channels (e+W ) and (µ+W ) for any
values of b2i /b
2
j because of the larger τ Yukawa coupling. On the other hand, the correlations with the
neutrino mixing angles show a behaviour similar to that of a bino LSP with inverted neutrino mass hi-
erarchy though with much smaller values for the ratios
BR(χ˜07→µ W )
BR(χ˜07→τ W ) and
BR(χ˜07→e W )√
BR(χ˜07→µ W )2+Br(χ˜07→τ W )2
.
These are shown in figure 5.7. Note that the correlations in this case are not very sharp, especially
with tan2 θ12. Thus we see that small values of these ratios (for both normal and inverted hierarchy)
are characteristic features of a higgsino dominated LSP in this model.
5.4.3 Right-handed neutrino dominated lightest neutralino
Because of our choice of parameters i.e., a generation independent coupling κ of the gauge singlet
neutrinos and a common VEV vc (see eqn.(4.8)), the three neutralino mass eigenstates which are
predominantly gauge singlet neutrinos are essentially mass degenerate. There is a very small mass
splitting due to mixing. However, unlike the case of a bino or higgsino dominated lightest neutralino,
these νc dominated lightest neutralino states cannot be considered as the LSP. This is because in this
case the lightest scalar (which is predominantly a gauge singlet sneutrino ν˜c) is the lightest supersym-
metric particle. This is very interesting since usually one does not get a ν˜c as an LSP in a model where
the gauge singlet neutrino superfield has a large Majorana mass term in the superpotential. However,
in this case the effective Majorana mass term is at the EW scale and there is also a contribution from
the trilinear scalar coupling Aκκ which keeps the mass of the singlet scalar sneutrino smaller. It is
also very interesting to study the decay patterns of the lightest neutralino in this case since here one
can probe the gauge singlet neutrino mass scales at the colliders.
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Figure 5.4: Ratio
BR(χ˜07−→e W )√
BR(χ˜07−→µ W )2+BR(χ˜07−→τ W )2
with tan2 θ12 (left) plot for a bino dominated lightest
neutralino (LSP) with bino component |N71|2 > 0.95. In the right figure the ratio BR(χ˜
0
7−→µ W )
BR(χ˜07−→τ W ) versus
tan2 θ23 is plotted. Neutrino mass pattern is assumed to be inverted hierarchical. Choice of parameters
are same as that of figure 5.3.
Before discussing the decay patterns of the lightest neutralino which is νc dominated, let us say a
few words regarding their production at the LHC. The direct production of νc (by νc we mean the νc
dominated lightest neutralino in this subsection) is negligible because of the very small mixing with the
MSSM neutralinos. Nevertheless, they can be produced at the end of the cascade decay chains of the
squarks and gluinos at the LHC. For example, if the next-to-next-to-lightest SUSY particle (NNLSP)
is higgsino dominated (this is the state above the three almost degenerate lightest neutralinos) and it
has a non-negligible mixing with νc (remember that the higgsino–νc mixing occurs mainly because of
the term λνˆcHˆdHˆu in the superpotential, eqn.(4.1)), then the branching ratio of the decay H˜ → Z+νc
can be larger than the branching ratios in the `W and νZ channels. This way one can produce
νc dominated lightest neutralino. Similarly, a higgsino dominated lighter chargino can also produce
gauge singlet neutrinos. Another way of producing νc is through the decay of an NNLSP τ˜1, such as
τ˜1 → τ + νc.
When one considers higher value of the gaugino mass, i.e. M1 > µ and a small value of the coupling
κ (so that the effective Majorana mass of νc is small, i.e. mνc = 2κv
c < µ), the lightest neutralino is
essentially νc dominated. As we have mentioned earlier, in this case the LSP is the scalar partner of
νc, i.e. ν˜c. However, the decay of νc into ν+ ν˜c is suppressed compared to the decays νc → `i+W and
νc → νi + Z that we have considered so far. Because of this, in this section we will neglect the decay
νc → ν + ν˜c while discussing the correlation of the lightest neutralino (χ˜07) decays with the neutrino
mixing angles.
In this case the coupling of the lightest neutralino (χ˜07) with `i–W pair depends on the ν
c content
of χ˜07. Note that the ν
c has a very small mixing with the MSSM neutralino states. However, in some
cases the νc dominated lightest neutralino can have a non-negligible higgsino component. In such cases
the coupling χ˜07–`i–W depends mainly on the quantities bi. On the other hand, if χ˜
0
7 is very highly
dominated by νc, then the coupling χ˜07– `i–W has a nice correlation with the quantities ai. So in order
to study the decay correlations of the νc dominated lightest neutralino, we consider two cases (i) νc
component is > 0.99, and (ii) νc component is > 0.97 with some non-negligible higgsino admixture.
The correlations of the decay branching ratio
BR(χ˜07−→µ W )
BR(χ˜07−→τ W ) are shown in figure 5.8 for the cases
(i) and (ii) mentioned above. As we have explained already, this figure demonstrates that in case (i)
the ratio of the branching ratio is dependent on the quantity a2µ/a
2
τ whereas in case (ii) this ratio is
correlated with b2µ/b
2
τ though there is some suppression due to large τ Yukawa coupling.
Similar calculations were performed also for the other ratios discussed earlier. For example, in
figure 5.9 we have shown the variations of the ratio
BR(χ˜07−→e W )
BR(χ˜07−→µ W ) as functions of
a2e
a2µ
and
b2e
b2µ
for the
cases (i) and (ii), respectively. The variation with
a2e
a2µ
is not sharp and dispersive in nature whereas
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Figure 5.5: Ratio
BR(χ˜07−→li W )
BR(χ˜07−→lj W ) versus
b2i
b2j
plot for a higgsino like LSP with higgsino component
(|N73|2 + |N74|2) > 0.95, where i, j, k = e, µ, τ . Neutrino mass pattern is normal hierarchical. Choice
of parameters are M1 = 325 GeV, λ = 0.06, κ = 0.65,mν˜c = 300 GeV and mL˜ = 400 GeV. Mass of
the LSP is 98.6 GeV. The value of the µ parameter comes out to be −105.9 GeV.
the variation with
b2e
b2µ
is very sharp and shows that in this case the relevant couplings are proportional
to be and bµ, respectively.
On the other hand, in case (i) only tan2 θ23 shows a nice correlation with the ratio
BR(χ˜07−→µ W )
BR(χ˜07−→τ W )
(see figure 5.10) and tan2 θ12 or tan
2 θ13 does not show any correlation with the other ratio. The
non-linear behaviour of the ratios of branching ratios in case(i) is due to the fact that the parameters
Yνs (which control the ai) appear both in the neutralino and chargino mass matrices. The charged
lepton Yukawa couplings also play a role in determining the ratios. One can also see that the prediction
for this ratio of branching ratio for case (i), as shown in figure 5.10, is in the range 0.5 − 3.5, which
is larger compared to the bino dominated or higgsino dominated cases for both normal and inverted
hierarchical pattern of neutrino masses. Also, the nature of this variation is similar to what we see
with the inverted hierarchical pattern of neutrino masses in the bino or higgsino dominated cases.
In case (ii) none of the neutrino mixing angles show very good correlations with the ratios of
branching ratios that we have been discussing. However, one can still observe some kind of correlation
between tan2 θ12 and the ratio
BR(χ˜07−→e W )√
BR(χ˜07−→µ W )2+BR(χ˜07−→τ W )2
. The prediction for this ratio from the
neutrino data is on the smaller side (∼ 0.07).
With the inverted hierarchical neutrino mass pattern, in case (i) one observes a sharp correlation of
the ratio
BR(χ˜07−→µ W )
BR(χ˜07−→τ W ) with
a2µ
a2τ
(see figure 5.11). The other two ratios
BR(χ˜07−→e W )
BR(χ˜07−→µ W ) and
BR(χ˜07−→e W )
BR(χ˜07−→τ W )
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Figure 5.6: Ratio
BR(χ˜07−→µ W )
BR(χ˜07−→τ W ) versus tan
2 θ23 (left),
BR(χ˜07−→e W )√
BR(χ˜07−→µ W )2+BR(χ˜07−→τ W )2
with tan2 θ13
(right) plot for a higgsino LSP with higgsino component (|N73|2 + |N74|2) > 0.95. Neutrino mass
pattern is normal hierarchical. Choice of parameters are same as that of figure 5.5.
0.49 0.52 0.55 0.58 0.62
tan2θ23
0.052
0.058
0.064
0.070
0.076
Br
(χ
0 7
 
−
−
>
 µ
−
W
) / 
Br
(χ
0 7
 
−
−
>
 τ
−
W
) INVERTED HIERARCHY
LSP HIGGSINO DOMINATED
0.34 0.36 0.38 0.40
tan2θ12
0.
07
2
0.
07
7
0.
08
2
0.
08
7
Br
(χ
0 7
 
−
>
 e
-
 
W
)
Br
(χ
0 7
 
−
>
 µ
−
W
)2  
+
 B
r(χ
0 7
 
−
>
 τ
−
W
)2
INVERTED HIERARCHY
LSP HIGGSINO DOMINATED
Figure 5.7: Ratio
BR(χ˜07−→µ W )
BR(χ˜07−→τ W ) versus tan
2 θ23 (left),
BR(χ˜07−→e W )√
BR(χ˜07−→µ W )2+Br(χ˜07−→τ W )2
with
tan2 θ12 (right) plot for a higgsino LSP with higgsino component (|N73|2 + |N74|2) > 0.95. Neu-
trino mass pattern is inverted hierarchical. Choice of parameters are M1 = 490 GeV, λ = 0.07, κ =
0.65,mν˜c = 320GeV and mL˜ = 430GeV. Mass of the LSP is 110.8 GeV. The value of the µ parameter
comes out to be −115.3 GeV.
do not show very sharp correlations with
a2e
a2µ
and
a2e
a2τ
, respectively and we do not plot them here.
However, in case (ii) all the three ratios show nice correlations with the corresponding b2i /b
2
j . We have
shown this in figure 5.11 only for b2µ/b
2
τ . In this case the variations of the ratios of branching ratios
with neutrino mixing angles are shown in figure 5.12.
For the case (i), only tan2 θ13 shows certain correlation with the ratio of branching ratio shown in
figure 5.12 (right), but we do not show it here.
Finally, we would like to reemphasize that in all these different cases discussed above, the lightest
neutralino can have a finite decay length which can produce displaced vertices (also discussed earlier
in sections 5.1, 5.2) in the vertex detectors. Depending on the composition of the lightest neutralino,
one can have different decay lengths. For example, a bino-dominated lightest neutralino can produce
a displaced vertex ∼ a few mm. Similarly, for a higgsino dominated lightest neutralino, decay vertices
of the order of a few cms can be observed [18, 19]. On the other hand, if the lightest neutralino is νc
dominated, then the decay lengths can be of the order of a few meters [18–20]. These are very unique
predictions of this model which can, in principle, be tested at the LHC [20].
The advantage of having large displaced vertices for a singlino like lightest neutralino makes it
easier to kill all of the SM backgrounds unambiguously. Additionally, it is also difficult to achieve a
reasonably large (∼ a few meter) displaced vertex in the conventional Rp-violating model [13, 15, 16].
As a consequence it is rather difficult for the Rp-violating supersymmetric models to mimic a specific
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Figure 5.8: Ratio
BR(χ˜07−→µ W )
BR(χ˜07−→τ W ) versus
a2µ
a2τ
(left) and versus
b2µ
b2τ
(right) plot for a νc like lightest neu-
tralino (χ˜07) with ν
c component (|N75|2 + |N76|2 + |N77|2) > 0.99, (left) and >0.97 (right). Neu-
trino mass pattern is normal hierarchical. Choice of parameters are for (left) M1 = 405 GeV,
λ = 0.29, κ = 0.07, (Aλλ) = −8.2 TeV × λ, (Aκκ) = 165 GeV × κ, mν˜c = 50 GeV and mL˜ = 825 GeV
and for (right) M1 = 405 GeV, λ = 0.10, κ = 0.07, (Aλλ) = −2 TeV×λ, (Aκκ) = 165 GeV×κ, mν˜c =
50 GeV and mL˜ = 825 GeV. Mass of the lightest neutralino is 129.4 GeV (left) and 119.8 GeV (right)
respectively. The values of the µ parameter are −803.9 GeV and −258.8 GeV, respectively.
0.006 0.010 0.014 0.018 0.022
a
e
2
 / aµ
2
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
Br
(χ
0 7
 
−
−
>
 e
-
 
W
) / 
Br
(χ
0 7
 
−
−
>
 µ
−
W
)
NORMAL HIERARCHY
LN RIGHT HANDED NEUTRINO DOMINATED
0.06 0.08 0.10 0.12
b
e
2
 / bµ
2
0.06
0.08
0.10
0.12
Br
(χ
0 7
 
−
−
>
 e
-
 
W
) / 
Br
(χ
0 7
 
−
−
>
 µ
−
W
)
NORMAL HIERARCHY
LN RIGHT HANDED NEUTRINO DOMINATED
Figure 5.9: Ratio
BR(χ˜07−→e W )
BR(χ˜07−→µ W ) versus
a2e
a2µ
(left) and versus
b2e
b2µ
(right) plot for a νc like lightest neu-
tralino (χ˜07) with ν
c component (|N75|2 + |N76|2 + |N77|2) > 0.99 (left), and >0.97 (right). Neutrino
mass pattern is normal hierarchical. Choice of parameters are same as that of figure 5.8.
collider signatures of µνSSM, particularly when a gauge singlet LSP is involved in the process. We will
use the favour of large displaced vertex associated with a singlino like LSP to describe an unconventional
signal of the lightest Higgs boson of µνSSM [20] in the next chapter.
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Figure 5.10: Ratio
BR(χ˜07−→µ W )
BR(χ˜07−→τ W ) versus tan
2 θ23 (left),
BR(χ˜07−→e W )√
BR(χ˜07−→µ W )2+BR(χ˜07−→τ W )2
with tan2 θ12
(right) plot for a νc dominated lightest neutralino with νc component (|N75|2 + |N76|2 + |N77|2) > 0.99
(left) and > 0.97 (right). Neutrino mass pattern is normal hierarchical. Choice of parameters are same
as that of figure 5.8.
35 40 45 50 55 60 65
aµ
2
 / a
τ
2
25
30
35
40
45
50
Br
(χ
0 7
 
−
−
>
 µ
−
W
) / 
Br
(χ
0 7
 
−
−
>
 τ
−
W
)
INVERTED HIERARCHY
LN RIGHT HANDED NEUTRINO DOMINATED
1.1 1.2 1.3 1.4 1.5
bµ
2
 / b
τ
2
0.71
0.75
0.83
0.87
Br
(χ
0 7
 
−
−
>
 µ
−
W
) / 
Br
(χ
0 7
 
−
−
>
 τ
−
W
)
INVERTED HIERARCHY
LN RIGHT HANDED NEUTRINO DOMINATED
Figure 5.11: Ratio
BR(χ˜07−→µ W )
BR(χ˜07−→τ W ) versus
a2µ
a2τ
(left) and versus
b2µ
b2τ
(right) plot for a νc like lightest
neutralino (χ˜07) with ν
c component (|N75|2 + |N76|2 + |N77|2) > 0.99 (left), and > 0.97 (right).
Neutrino mass pattern is inverted hierarchical. Choice of parameters are for (left) M1 = 445 GeV,
λ = 0.29, κ = 0.07, (Aλλ) = −8.2 TeV × λ, (Aκκ) = 165 GeV × κ, mν˜c = 50 GeV and mL˜ = 835GeV
and for (right) M1 = 445 GeV, λ = 0.10, κ = 0.07, (Aλλ) = −2 TeV×λ, (Aκκ) = 165 GeV×κ, mν˜c =
50 GeV and mL˜ = 835 GeV. Mass of the lightest neutralino is 129.4 GeV (left) and 119.8 GeV (right)
respectively.
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Figure 5.12: Ratio
BR(χ˜07−→µ W )
BR(χ˜07−→τ W ) versus tan
2 θ23 (left),
BR(χ˜07−→e W )√
BR(χ˜07−→µ W )2+BR(χ˜07−→τ W )2
with tan2 θ12
(right) plot for a νc dominated lightest neutralino with νc component (|N75|2 + |N76|2 + |N77|2) > 0.97.
Neutrino mass pattern is inverted hierarchical. Choice of parameters are same as that of figure 5.11.
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Chapter 6
µνSSM: Unusual signal of Higgs boson
at LHC
6.1 Higgs boson in µνSSM
In µνSSM Rp is violated through lepton number violation both in the superpotential and in the soft
terms. In this model neutral Higgs bosons of the MSSM mix with three generations of left and right-
handed sneutrinos and thus the neutral scalar and pseudoscalar squared mass matrices are enhanced
(8 × 8) over their 2 × 2 MSSM structures [1, 2]. In a similar fashion the charged scalar squared mass
matrix is also a 8 × 8 matrix for µνSSM due to mixing between charged Higgs of the MSSM and
charged sleptons [1, 2]. In general the nature of the lightest neutral scalar state can be very different
from that of the MSSM due to the presence of the gauge singlet right-handed sneutrino component.
It has been already shown that µνSSM is capable of accommodating neutrino data both from tree
level [2] and one loop combined analysis [3]. With the initiation of the LHC experiment at CERN it
is naturally tempting to see whether this is capable of producing interesting collider signatures apart
from accommodating the neutrino data.
The issues of Higgs boson discovery have been studied extensively over years in the literature (see for
example [4]). In this chapter we propose a prodigious signal of Higgs boson in supersymmetry, having
dilepton and four hadronic jets along with large displaced vertices ( >∼ 3 m) [5]. Most of the usual
signal of Higgs boson are impaired by undesired backgrounds and one has to remove them somehow
for claiming a discovery. Often the procedures for background subtraction in turn weaken the desired
signal significantly. On the other hand, it was well known that the advantage of displaced vertices are
always extremely useful to kill all of the SM backgrounds and also some of the possible backgrounds
arising from the Rp violating MSSM. Displaced vertices arising from MSSM with 6Rp are usually much
smaller [6–9]
Now in the last chapter we have learned that in µνSSM, with suitable choice of parameters, a right-
handed neutrino like lightest neutralino can be a viable candidate for the LSP. It was also discussed
that since a right-handed neutrino is singlet under the SM gauge group it can decay only in Rp-violating
channels through small Rp-violating couplings and consequently the associated displaced vertices can
be very large (∼ meter) [5, 10]. Indeed these displaced vertices can kill all of the SM backgrounds as
well as backgrounds arising from MSSM with 6Rp [6–9]. Furthermore, imprint of this signal is different
from that of the cosmic muons which have definite entry and exit point in the detector. So this is
apparently a clean signal and a discovery, thus is definite even with small number of signal events. In
the next section we will discuss how to use the favour of these large displaced vertices associated with
a singlino like LSP for proposing a new kind of signal of Higgs boson [5].
6.2 The Signal
There are essentially two key features of our analysis, which collectively can lead to an unusual signal
of the Higgs boson in supersymmetry
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1. The lightest neutralino LSP (χ˜01) in the µνSSM with the parameter choice M1, µ mνc (see section
5.2) can be predominantly composed of right-handed neutrinos which, as argued earlier will be called a
νc-like or a singlino like LSP [5,10]. For the analysis of ref. [5] we choose |N15|2+|N16|2+|N17|2 > 0.70.
2. A pair of singlino like LSP can couple to a Higgs boson in µνSSM mainly through couplings like
νcHuHd (see fig 6.1).
H0u, H
0
d
νcjH˜0α
λjvβ
νci
λi
Figure 6.1: Feynman diagram for the singlino singlino Higgs couplings. β = 2/1 for α = d/u.
The neutralino LSP, χ˜01 in µνSSM can be predominantly (
>∼ 70%) νc-like (also known as a singlino
LSP). χ˜01 being singlet, χ˜
0
1χ˜
0
1Z or χ˜
0
1qq˜ couplings [3] are vanishingly small, which in turn results in
very small cross-section for direct χ˜01 pair production. On the contrary, the coupling λν
cHuHd may
produce a large χ˜01χ˜
0
1S
0
i [3] coupling with λ ∼ O (1), where S0i are the scalar states. With the chosen
set of parameters (see Table 6.1) we obtained S04 ≡ h0, where h0 is the lightest Higgs boson of MSSM.
In addition with heavy squark/gluino masses as indicated in Table 6.1 for different benchmark points,
production of a singlino LSP through cascade decays is suppressed. In the backdrop of such a scenario,
production of h0 in gluon fusion channel followed by the decay process h0 → χ˜01χ˜01 will be the leading
production channel for the singlino LSP at the LHC. We want to emphasize here that for the present
analysis we choose to work with the tree level mass of the lightest CP-even Higgs boson (S04 ≡ h0) of
the µνSSM. With loop corrections the Higgs boson mass can be higher [1,10]. For loop corrected Higgs
boson mass, the process h0 → χ˜01χ˜01 will yield heavy singlino like LSPs with smaller decay lengths [10].
However, our general conclusions will not change for a singlino LSP in the mass range 20 − 60 GeV,
as long as the decay branching ratio for the process h0 → χ˜01χ˜01 is substantial.
A set of four benchmark points (BP) used for collider studies compatible with neutrino data [11],
upto one-loop level analysis [3] are given in Table 6.1. These are sample points and similar spectra can
be obtained in a reasonably large region of the parameter space even after satisfying all the constraints
from neutrino experiments.
For the set of specified benchmark points (table 6.1), we observe, the process h0 → χ˜01χ˜01 to be
one of the dominant decay modes of h0 (branching fraction within 35-65%), while the process h0 → bb¯
remains the main competitor. Different Feynman rules concerning Higgs decays are given in appendix
H. With a suitable choice of benchmark points (table 6.1) two body decays of h0 into lighter scalar
or pseudoscalar states were kept kinematically disfavoured. Squared matrix elements for the processes
h0 → bb¯ and h0 → χ˜01χ˜01 are also given in appendix H.
The pair produced singlino like χ˜01 will finally decay into standard model particles as shown in
eqn.(5.1). For a lightest Higgs boson mass mh0 as shown in table 6.1, mass of a singlino like χ˜
0
1 (mχ˜01)
arising from h0 decay (see figure 6.1) is < mW , and thus three body decays dominate. Out of the five
possible three body final states we choose to work with the specific decay mode χ˜01 → qiq¯′j`±k to yield
a signal pp → 2` + 4j + X in the final state1. This particular final state is free from neutrinos and
thus a reliable invariant mass reconstruction is very much possible. It has to be emphasized here that
as suggested in ref. [4], a reliable mass reconstruction is possible even for the final states with a single
neutrino, thus apart from the 2` + 4j + X final state there also exist other equally interesting final
states like 3`+ 2j +X (χ˜01 → qiq¯′j`±k , χ˜01 → `+i `−j νk), 1`+ 4j +X (χ˜01 → qiq¯′j`±k , χ˜01 → qiq¯iνk) etc. For
the chosen benchmark points, Br(χ˜01 → qiq¯′j`±k ) lies within 8 − 10%. Squared matrix elements for all
possible three body decays of χ˜01 (see eqn.(5.1)) are given in appendix I. At this point the importance
of a singlino χ˜01 becomes apparent. Since all the leptons and jets are originating from the decays of a
1The dilepton have same sign on 50% occurrence since χ˜01 is a Majorana particle.
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BP-1 BP-2 BP-3 BP-4
µ 177.0 196.68 153.43 149.12
tanβ 10 10 30 30
mh0 (≡ mS04 ) 91.21 91.63 92.74 92.83
mS01 48.58 49.33 47.27 49.84
mP 02 47.21 49.60 59.05 49.45
mS±2
187.11 187.10 187.21 187.21
mb˜1 831.35 831.33 830.67 830.72
mb˜2 875.03 875.05 875.72 875.67
mt˜1 763.41 763.63 761.99 761.98
mt˜2 961.38 961.21 962.46 962.48
mχ˜01 43.0 44.07 44.20 44.24
mχ˜02 55.70 57.64 61.17 60.49
mχ˜±4
151.55 166.61 133.69 130.77
Table 6.1: µ-parameter and relevant mass spectrum (GeV) for chosen benchmark points.
mχ˜±1,2,3
≡ me,µ,τ . Only the relevant masses are shown here. Squark masses of first two genera-
tions are ∼ 800 GeV, which are not shown here. For our parameter choices the fourth CP-even scalar
state S04 ≡ h0 [5]. The quantities S0, P 0, S±, χ˜0, χ˜± represent physical scalar, pseudoscalar, charged
scalar, neutralino and chargino states, respectively. [1–3]. The heavy quarks namely, bottom, charm
and top masses are computed at the mZ mass scale or at the electroweak scale (see ref. [12] and
references therein).
gauge singlet fermion, the associated displaced vertices are very large ∼ 3−4 meter, which simply wash
out any possible backgrounds. Detection of these displaced as well as isolated leptons and hadronic jets
can lead to reliable mass reconstruction for χ˜01 and Higgs boson in the absence of missing energy in the
final state. There is one more merit of this analysis, i.e., invariant mass reconstruction for a singlino
LSP can give us an estimation of the seesaw scale, since the right-handed neutrinos are operational in
light neutrino mass generation through a TeV scale seesaw mechanism [2,13] in µνSSM.
It is important to note that in the real experimental ambience, extra jets can arise from initial state
radiation (ISR) and final state radiation (FSR). Likewise semi-leptonic decays of quarks can accrue
extra leptons. Also from the experimental point of view one cannot have zero missing pT in the final
state. With this set of information we optimize our chosen signal as
(nj ≥ 4) + (n` ≥ 2) + ( 6pT ≤ 30 GeV), (6.1)
where nj(`) represents the number of jets(leptons).
It should also be noted that, similar final states can appear from the decay of heavier scalar or
pseudoscalar states in the model. Obviously, their production cross section will be smaller compared to
h0 and the invariant mass distribution (some other distributions also) should be different in those cases.
So, in a sense it is possible to discriminate this signal (eqn.(6.1)) from the model backgrounds. Another
possible source of backgrounds can arise from the cosmic muons. However as discussed earlier, cosmic
muons have definite entry and exit points inside a detector and thus there signatures are different from
the proposed signal.
6.3 Collider analysis and detection
PYTHIA (version 6.4.22) [14] has been used for the purpose of event generation. The correspond-
ing mass spectrum and decay branching fractions are fed to PYTHIA by using the SLHA interface [15].
Subsequent decays of the produced particles, hadronization and the collider analysis were performed
using PYTHIA. We used CTEQ5L parton distribution function (PDF) [16,17] for the analysis. The renor-
malization/factorization scale Q was chosen to be the parton level center-of-mass energy,
√
sˆ. We also
kept ISR, FSR and multiple interaction on for the analysis. The production cross-section of h0 via
gluon fusion channel for different benchmark points (table 6.1) is shown in table 6.2.
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√
s BP-1 BP-2 BP-3 BP-4
7 TeV 6837 7365 6932 6948
14 TeV 23150 25000 23580 23560
Table 6.2: Hard scattering cross-section in fb for the process gg → h0 for PDF CTEQ5L with Q = √sˆ.
We have used PYCELL, the toy calorimeter simulation provided in PYTHIA, with the following criteria:
I. The calorimeter coverage is |η| < 4.5 and the segmentation is given by ∆η×∆φ = 0.09× 0.09 which
resembles a generic LHC detector.
II. ∆R ≡√(∆η)2 + (∆φ)2 = 0.5 has been used in cone algorithm for jet finding.
III. pjetT,min = 10 GeV.
IV. No jet matches with a hard lepton in the event.
In addition, the following set of standard kinematic cuts were incorporated throughout:
1. p`T ≥ 5 GeV and |η|` ≤ 2.5,
2. |η|j ≤ 2.5, ∆R`j ≥ 0.4, ∆R`` ≥ 0.2,
where ∆R`j and ∆R`` measure the lepton-jet and lepton-lepton isolation, respectively. Events with
isolated leptons, having pT ≥ 5 GeV are taken for the final state analysis.
Now depending on the distribution of the transverse decay length it is possible to study the be-
haviour of this spectacular signal in different regions of a generic LHC detector like CMS or ATLAS.
For the purpose of illustration we present a slice like picture of the CMS detector in figure 6.2 to
describe this novel signal in more details.
Figure 6.2: Transverse slice from the CMS detector. The maroon square corresponds to the global
muons which travel throughout the detector starting from the interaction point. The light green square
on the other hand corresponds to the stand-alone muons which leave their imprints only in the muon
chamber.
Let us now analyze this rare signal (see eqn.(6.1)) piece wise for the CMS detector as shown by
figure 6.2. We choose BP-2 as the sample benchmark point. To start with we divide the entire detector
in five different regions on the basis of different transverse decay lengths (LT ) and conduct our analysis.
The decay length (L) is given by
L = cτ(βγ), (6.2)
where c is the speed of light in vacuum (= 1 in natural unit system), τ is the proper life time and the
kinematical factor βγ = |~p|m . Here |~p| is the magnitude of the three momentum =
√|px|2 + |py|2 + |pz|2
and m is the mass of the decaying particle. Now it is in general difficult to measure the longitudinal
component of the momentum (pz) which lies along the beam axis, thus we choose to work with the
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transverse decay length given by
LT = cτ(βγ)T , (6.3)
where (βγ)T =
√
|px|2+|py|2
m .
I. LT ≤ 1 cm I Roughly 10% to 15% of the total number of events appear in this region. These
events are close to the interaction point and may be mimicked by MSSM models with 6Rp. Thus we do
not consider these points in our analysis though these are also free from the SM backgrounds.
II. 1 cm < LT ≤ 50 cm I There exist reasonable number of events (∼ 30% of the total events) with
decay length in between 1 cm and 50 cm. For these events the associated electrons and muons2 will
leave charged tracks in the inner silicon tracker as well as the electrons will deposit their energy at the
electronic calorimeter (ECAL). Associated hadronic jets will also deposit their energy at the hadronic
calorimeter (HCAL). The associated muons are global in nature and leave their marks throughout,
upto the muon chamber starting from few layers on the inner tracker. It is easy for the conventional
triggers to work for this kind of signal and a reliable mass reconstruction of these displaced hadronic
jets and leptons can lead to a discovery. The number of signal events in this region are shown in table
6.3.
III. 50 cm < LT ≤ 3 m I Almost 40% of the total events appear in this region. The associated
electrons and hadronic jets may or may not get detected in this situation depending on the length of
the displaced vertices. However, the associated muons will leave tracks either in the muon chamber
only or in the muon chamber along with matching tracks in the inner detector also. The number of
signal events in this region are also given in table 6.3.
IV. 3 m < LT ≤ 6 m I There exist some number of events (∼ 10% of the total number of events)
which appear only in the territory of the muon chamber. In this case the associated electrons get
absorbed in the thick iron yoke of the muon chamber and thus escape detection. Besides, it is also
difficult to identify the hadronic jets as jets in the muon chamber, rather they appear as noise. The
muons are, however leave visible tracks in the muon chamber only indicating their stand-alone natures.
It is indeed difficult for the conventional triggers to work for this specific signal, rather this asks for a
dedicated special trigger which we believe is a challenging task for experimentalists. The corresponding
number of events in this region for BP-2 are shown in table 6.3.
V. LT ≥ 7 m I There also exist a small number of events (∼ 4%) where decays occur outside the
detector and yield conventional missing energy signature.
No. of events√
s signal LT1 LT2 LT3
≥ 4j+ ≥ 2`+ 6pT ≤ 30 GeV 45 69 17
7 ≥ 4j+ ≥ 2µ+ 6pT ≤ 30 GeV 27 38 11
TeV ≥ 4j+ ≥ 2e+ 6pT ≤ 30 GeV 6 10 2
≥ 4j + 1e+ 1µ+ 6pT ≤ 30 GeV 12 21 4
≥ 4j+ ≥ 2`+ 6pT ≤ 30 GeV 234 373 98
14 ≥ 4j+ ≥ 2µ+ 6pT ≤ 30 GeV 128 218 58
TeV ≥ 4j+ ≥ 2e+ 6pT ≤ 30 GeV 37 45 16
≥ 4j + +1e+ 1µ+ 6pT ≤ 30 GeV 69 113 24
Table 6.3: Number of signal events for L = 5 fb−1 for √s = 7 and 14 TeV at different ranges of the
decay length for BP-2 with 1 cm < LT1 ≤ 50 cm, 50 cm < LT2 ≤ 3 m and 3 m < LT3 ≤ 6 m. LTis are
different transverse decay lengths.
The number of events for different length of displaced vertices as addressed earlier are shown in
table 6.3 both for center-of-mass energy 7 and 14 TeV with an integrated luminosity of 5 fb−1. Since
this is a background free signal, even with this number of events this spectacular signal can lead to
2τ ’s are dropped out for poor detection efficiency.
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discovery at 14 TeV run of the LHC with L = 5 fb−1. At 7 TeV the situation looks less promising
and higher luminosity might be required for discovering such an event. Distribution of the transverse
decay length is shown by figure 6.3.
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Figure 6.3: Transverse decay length distribution of χ˜01 for
√
s = 7 and 14 TeV with BP-2 for a typical
detector size ∼ 10 m with L = 5 fb−1. Minimum bin size is 10 cm. The signal is given by eqn.(6.1).
In summary, this signal can give rise to non-standard activities in the muon chamber with two
muons and four hadronic jets. There are, however, number of events which can leave their imprints
not only at the muon chamber but also in the inner tracker and calorimeters concurrently. Integrating
these two signatures can lead to discovery of an unusual signal of Higgs boson at the 14 TeV run
of the LHC. Though with higher luminosity discovery at
√
s = 7 TeV is also possible. Indubitably,
development of new triggers and event reconstruction tools are essential.
It is also important to note that the average decay length for a singlino like LSP is determined by
the LSP mass as well as by a set of parameters (λ, κ, vc, Y iiν , v
′
i) so that the constraints on neutrino
masses and mixing are satisfied. Here vc and v′i stand for the vacuum expectation values of the right
and left-handed sneutrino fields.
6.4 Correlations with neutrino mixing angles
One of the striking features in µνSSM is that certain ratios of branching fractions of the LSP decay
modes are correlated with the neutrino mixing angles [2, 10]. These correlations have been explored
in details in chapter 5. A consequence of the correlation with solar mixing angle θ12 implies nµ > ne
in the final state. Figure 6.4 shows the lepton multiplicity distribution for inclusive ≥ 2` (≥ 2µ + ≥
2e + 1µ, 1e) and exclusive (≥ 2µ, ≥ 2e) for BP-2, without the signal criteria (eqn.(6.1)). Muon
dominance of the higher histograms (without any isolation cuts) continues to the lower ones even after
the application of ∆R`j , ∆R`` cuts. Consequently we observe that the correlation between ne and nµ
also appears in the lower histograms (figure 6.4) with a ratio ne : nµ ∼ 1 : 3.
We present number of events for final state signal (eqn.(6.1)) in table 6.4 both for
√
s = 7 and 14
TeV for L = 5 fb−1, without a cut on the actual χ˜01 decay position (like table 6.3). It is important to
note from table 6.4 that the correlation between ne and nµ in the final state is still well maintained,
similar to what was shown in the lower histograms of figure 6.4 even with the final state signal topology
(eqn.(6.1)).
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Figure 6.4: Lepton multiplicity distribution of signal for
√
s = 7 and 14 TeV with 1 fb−1 of integrated
luminosity.
√
s signal BP-1 BP-2 BP-3 BP-4
≥ 4j+ ≥ 2`+ 6pT ≤ 30 GeV 181 153 170 173
7 ≥ 4j+ ≥ 2µ+ 6pT ≤ 30 GeV 100 85 97 100
TeV ≥ 4j+ ≥ 2e+ 6pT ≤ 30 GeV 27 23 21 23
≥ 4j + 1e+ 1µ+ 6pT ≤ 30 GeV 54 46 52 50
≥ 4j+ ≥ 2`+ 6pT ≤ 30 GeV 1043 878 951 929
14 ≥ 4j+ ≥ 2µ+ 6pT ≤ 30 GeV 580 463 533 513
TeV ≥ 4j+ ≥ 2e+ 6pT ≤ 30 GeV 160 139 121 129
≥ 4j + +1e+ 1µ+ 6pT ≤ 30 GeV 306 279 300 290
Table 6.4: Expected number of events of signals for L = 5 fb−1 for √s = 7 and 14 TeV.
6.5 Invariant mass
It has been already argued in section 6.3 that with a trustworthy detection of the two isolated and
displaced muons and(or) electrons and four associated hadronic jets a background free signal of this
kind can lead to definite discovery. We have already discussed about the possibility for invariant
mass reconstruction using those leptons and jets, not only for a singlino like LSP but also for h0.
Results of invariant mass reconstruction for χ˜01 and h
0 for BP-2 are shown in figure 6.5. We choose
jj` invariant mass M(jj`) for mχ˜01 reconstruction. Reconstruction of mh0 was achieved through
M(jjjj``), invariant mass of jjjj`` (see eqn.(6.1)). We take the jets and leptons from the window of
35 GeV ≤ M(jj`) ≤ 45 GeV to construct M(jjjj``). Even a narrow window like this cannot kill all the
combinatorial backgrounds. As a corollary, effect of combinatorial background for mχ˜01 reconstruction
(4C2 for j and
2C1 for `) also causes long tail for Higgs mass distribution.
In conclusion, we have studied an unusual but spectacular signal of Higgs boson in supersymmetry.
This signal can give rise to non-standard activities in the muon chamber with two muons and four
hadronic jets. There are, however, number of events which can leave their imprints not only at the
muon chamber but also in the inner tracker and calorimeters concurrently. Integrating these two
signatures can lead to discovery of an unusual signal of Higgs boson at the 14 TeV run of the LHC.
Though with higher luminosity discovery at
√
s =7 TeV is also possible. Indubitably, development of
new triggers and event reconstruction tools are essential. This signal is generic to a class of models
where gauge-singlet neutrinos and 6Rp take part simultaneously in generating neutrino masses and
mixing. Another interesting feature of this study is that the number of muonic events in the final state
is larger than the number of electron events and the ratio of these two numbers can be predicted from
the study of the neutrino mixing angles.
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Figure 6.5: Invariant mass distribution for (a) χ˜01 (jj`) and (b) the Higgs boson (jjjj``). Plots are
shown for
√
s = 7 and 14 TeV with 1 fb−1 of integrated luminosity. Number of events for reconstructing
mχ˜01 for
√
s = 7(14) TeV are scaled by a multiplicative factor 4(7).
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Chapter 7
Summary and Conclusion
The standard model (SM) of particle physics has already been firmly established as one of the very
successful theories in physics as revealed by a host of experiments. However, there are issues where
the SM is an apparent failure. Perhaps the severe most problem of the SM is that the scalar mass is
not protected by any symmetry arguments. Thus the Higgs boson mass (only scalar in the SM) can
be as large as the Planck scale with radiative corrections. It appears that in the SM an unnatural
fine-tuning in the Higgs sector is essential for a Higgs boson mass consistent with the requirements of
theory and experiment. On the other side, non-vanishing neutrino masses as have been confirmed by
experiments, are impossible to explain with the SM alone. These shortcomings, as discussed in chapter
1, ask for some new physics requirement at and beyond the TeV scale.
As a candidate theory to explain new physics beyond the TeV scale together with solutions to the
drawbacks of the SM, supersymmetry has sought tremendous attention for the last few decades. A
supersymmetric theory includes new particles having spin difference of half-integral unit with that of
the SM members. The scalar masses are no longer unprotected and consequently the Higgs boson mass
remains free from quadratic divergences under radiative corrections. However, missing experimental
evidences for sparticles have confirmed that supersymmetry must be broken in nature so that sparticles
remain heavier compared to their SM partners. It was pointed out in chapter 2 that supersymmetry
must be broken softly, so that only logarithmic divergences appear in the Higgs boson mass which
requires sparticle masses around the TeV scale. This is the prime reason why the discovery of TeV scale
superpartners are highly envisaged at the LHC. The definite mechanism for supersymmetry breaking
remains yet a debatable issue and consequently different mechanisms exist in literature. Turning our
attention to the neutrino sector it appears that it is possible to accommodate massive neutrinos in
supersymmetric theories either through R-parity violation or using seesaw mechanisms with extra
particle content. It must be emphasized here that in spite of being successful in solving some of the
drawbacks of the SM, supersymmetric theories are also not free from shortcomings, which in turn
result in a wide variant of models. To mention one, as briefly reviewed in chapter 2, the non-minimal
supersymmetric standard model was required to propose a solution to the µ-problem of the minimal
version.
Issues of the neutrino masses and mixing remain the prime focus of this thesis. Requirement of
massive neutrinos were essential to explain phenomena like atmospheric and solar neutrino problem
as observed in oscillation experiments. From experimental constraints, a neutrino mass is expected
to be very small. So it remains to be answered how one can generate tiny neutrino masses consistent
with the oscillation data. Moreover, it also remains to be answered whether the neutrinos are Dirac
or Majorana particles by nature. We review these issues in chapter 3 along with different mechanism
of light neutrino mass generation both in supersymmetric and non-supersymmetric theories. The
seesaw mechanisms turn out to be the simple most ways to generate small neutrino masses both in
supersymmetric and non-supersymmetric theories at the cost of enhanced particle content. But there
also exists models of neutrino mass generation through radiative effects. On the contrary, neutrino
mass generation through the violation of R-parity is a pure supersymmetric phenomena without any
SM analogue. Sources of R-parity violation can be either spontaneous or explicit. In the conventional
R-parity violating (bilinear and trilinear) models loop corrections are unavoidable to accommodate
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neutrino data. Bilinear R-parity violating models of neutrino mass generation have one more striking
feature, that is the existence of nice correlations between the neutrino mixing angles and the lightest
supersymmetric particle decay modes. In addition decays of the lightest supersymmetric particle
for these class of models produce measurable displaced vertices which together with the fore stated
correlations can act as a very promising probe for these models at the colliders. All of these spectacular
features of the R-parity violating models have made them perhaps the most well studied models in the
context of supersymmetry.
Apart from inevitable loop corrections to satisfy three flavour neutrino data, models with bilinear R-
parity violation suffer from the naturalness problem similar to the µ-problem, which is better known as
the -problem. A new kind of supersymmetric model of neutrino mass generation with a simultaneous
solution to the µ-problem has been introduced in chapter 4. This model is known as the µνSSM
which by virtue of an imposed Z3 symmetry is completely free from naturalness problem like µ or
-problem. µνSSM introduces the gauge singlet right-handed neutrino superfields (νˆci ) to solve the µ
problem in a way similar to that of NMSSM. These right-handed neutrinos are also instrumental for
light neutrino mass generation in µνSSM. The terms in the superpotential involving the νˆci include the
neutrino Yukawa couplings, the trilinear interaction terms among the singlet neutrino superfields as
well as a term which couples the Higgs superfields to the νˆci . In addition, there are corresponding soft
SUSY breaking terms in the scalar potential. When the scalar components of νˆci get VEVs through
the minimization conditions of the scalar potential, an effective µ term with an EW scale magnitude
is generated. Explicit 6Rp in µνSSM through lepton number violation both in the superpotential and
in the soft supersymmetry breaking Lagrangian result in enlarged (8 × 8) scalar, pseudoscalar and
charged scalar squared mass matrix. Also the neutralino and chargino mass matrices are enhanced.
Small Majorana masses of the active neutrinos are generated due to the mixing with the neutralinos
as well as due to the seesaw mechanism involving the gauge singlet neutrinos. In such a scenario, we
show that it is possible to provide a theory of neutrino masses and mixing explaining the experimental
data, even with a flavour diagonal neutrino Yukawa coupling matrix, without resort to an arbitrary
flavour structure in the neutrino sector. This essentially happens because of the mixing involved in
the neutralino-neutrino (both doublet and singlet) system mentioned above. Light neutrino mass
generation in µνSSM is a combined effect of R-parity violation and a TeV scale seesaw mechanism
using right handed neutrinos. Alternatively, as shown in chapter 4 a combined effect of Type-I and
Type-III seesaw mechanisms are instrumental for neutrino mass generation in the µνSSM. The TeV
scale seesaw mechanism itself is very interesting since it may provide a direct way to probe the gauge
singlet neutrino mass scale at the LHC and does not need to introduce a very high energy scale in
the theory, as in the case of GUT seesaw. We present a detailed analytical and numerical work and
show that the three flavour neutrino data can be accommodated in such a scenario. In addition, we
observe that in this model different neutrino mass hierarchies can also be obtained with correct mixing
pattern, at the tree level.
Though all three neutrinos acquire masses at the tree level, it is always important to judge the
stability of tree level analysis in the exposure of radiative corrections. In chapter 4 effect of the
complete set of one-loop corrections to the light neutrino masses and mixing are considered. The
tree level and the one-loop corrected neutrino mass matrix are observed to posses similar structure
but with different coefficients arising from the loop corrections. The effects of one-loop corrections
are found to be capable of altering the tree level analysis in an appreciable manner depending on the
concerned mass hierarchy. We also explore different regions in the SUSY parameter space, which can
accommodate the three patterns in turn.
In conclusion, µνSSM can accommodate neutrino masses and mixing consistent with the three
flavour global neutrino data for different mass hierarchies at the tree level itself even with the choice of
flavour diagonal neutrino Yukawa couplings. Inclusion of one-loop radiative corrections to light neutrino
masses and mixing can alter the results of tree level analysis in a significant manner, depending on the
concerned mass orderings.
Correlations between the light neutrino mixing angles with the ratios of certain decay branching
ratios of the lightest supersymmetric particle (usually the lightest neutralino for a large region of the
parameter space) in µνSSM have been explored in chapter 5. These correlations are very similar to
the bilinear 6Rp models and have drawn immense attention as a test of neutrino mixing at a collider
experiment. However, there exist certain differences between these two scenarios. In µνSSM lepton
137
number is broken explicitly in the superpotential by terms which are trilinear as well as linear in
singlet neutrino superfields. In addition to that there are lepton number conserving terms involving
the singlet neutrino superfields with dimensionless neutrino Yukawa couplings. After the electroweak
symmetry breaking these terms can generate the effective bilinear R-parity violating terms as well as
the ∆L =2 Majorana mass terms for the singlet neutrinos in the superpotential. In general, there are
corresponding soft supersymmetry breaking terms in the scalar potential. Thus the parameter space
of this model is much larger compared to the bilinear R-parity violating model. Hence, in general,
one would not expect a very tight correlation between the neutrino mixing angles and the ratios of
decay branching ratios of the LSP. However, under certain simplifying assumptions one can reduce the
number of free parameters and in those cases it is possible that the above correlations reappear. As
mentioned earlier, we have studied these correlations in great detail for the two body `±W∓ final states.
These nice correlations are lost in the general scenario of bilinear-plus-trilinear R-parity violation.
Another important difference between µνSSM and the bilinear R-parity violating model in the
context of the decay of the LSP (assumed to be the lightest neutralino in this case) is that in µνSSM the
lightest neutralino can have a significant singlet neutrino (νc) contribution. In this case, the correlation
between neutrino mixing angles and decay branching ratios of the LSP is different compared to the
cases when the dominant component of the LSP is either a bino, or a higgsino or a Wino. This gives
us a possibility of distinguishing between different R-parity violating models through the observation
of the decay branching ratios of the LSP in collider experiments. In addition, the decay of the lightest
neutralino will show displaced vertices in collider experiments and when the lightest neutralino is
predominantly a singlet neutrino, the decay length can be of the order of a few meters for a lightest
neutralino mass in the neighbourhood of 50 GeV. This is very different from the bilinear R-parity
violating model where for a Bino LSP of similar mass the decay length is less than or of the order of
a meter or so.
In a nutshell we have studied the correlations among the ratio of the branching ratios of the lightest
supersymmetric particle decays into W -boson and a charged lepton with different relevant parameters.
These correlations are analysed for different natures of the lightest neutralino which is usually the
lightest supersymmetric particle for a novel region of the parameter space. Besides, effect of different
light neutrino mass hierarchies in the correlation study are also taken into account. These spectacular
and nice correlations together with a measurement of the displaced vertices can act as an important
experimental signature for the µνSSM.
We shift our attention to a different aspect of the µνSSM in chapter 6, where a new kind of
unconventional signal for the Higgs boson in supersymmetry has been advocated. The basic idea
lies in the fact that with suitable choice of model parameters a right handed neutrino like lightest
supersymmetric particle is possible in the µνSSM and a pair of such gauge singlet fermions can couple
to a MSSM like Higgs boson. We show that with heavy squark and gluino masses, pair production of
the right handed neutrino like lightest supersymmetric particles from the decay of a MSSM like Higgs
boson, produced in the gluon fusion channel at the LHC can be the dominant source for singlino pair
production.
We analyze a specific final state signal with two isolated and displaced leptons (electron and(or)
muon) and four isolated and displaced hadronic jets arising from the three body decay of a pair of right
handed neutrino like lightest supersymmetric particles. This particular final state has the advantage
of zero missing energy since no neutrinos appear in the process and thus a reliable Higgs boson mass
reconstruction as well as the same for a right handed neutrino are highly envisaged. Appearance of
reasonably large displaced vertices associated with the gauge singlet nature of a right handed neutrino
are extremely useful to abate any SM backgrounds for this proposed signal. Besides, presence of the
definite entry and the exit points for the cosmic muons also helps to discriminate this signal from the
cosmic muon signature. Depending on the length of the associated displaced vertices this rare signal
can either leave its imprints in the entire detector, starting from the tracker to the muon chamber with
conventional global muon signature or can leave visible tracks in the muon chamber only from stand
alone muons. The latter case also requires development of special kind of triggers. Combining the two
fore mentioned scenarios a discovery with this signal criteria is expected with the 14 TeV run of the
LHC. This unusual signal is also testable in the 7 TeV LHC run but requires much higher luminosity
compared to the 14 TeV scenario. Ratio of the number of electrons to that of the muons in the final
state signal is again observed to show correlation with the concerned neutrino mixing angle. We present
138 CHAPTER 7. SUMMARY AND CONCLUSION
a set of four benchmark points where the neutrino data are satisfied up to one-loop level. Apart from
the Higgs discovery, a signal of this kind with a faithful mass reconstruction for right handed neutrino
like lightest supersymmetric particle offers a possibility to probe the seesaw scale which is one more
appealing feature of the µνSSM. It must be emphasized here that though we performed this analysis
with tree level Higgs boson mass in µνSSM, but even for loop corrected Higgs boson mass our general
conclusions will not change for a singlino LSP in the mass range 20− 60 GeV.
To conclude, µνSSM is a potential candidate for explaining physics beyond the standard model.
Not only this model can accommodate massive neutrinos consistent with the three flavour global data
but at the same time also offers a solution to the µ-problem of supersymmetry with the use of same
set of right handed neutrino superfields. This model is also phenomenologically very rich and can yield
new kind of signatures at collider experiments. Diverse interesting aspects of the µνSSM have been
addressed in this thesis and more studies are expected to reveal more phenomenological wonders in
the near future. There are a host of areas yet to be explored for this model like the effect of complete
one-loop corrections in the scalar sector, more detailed analysis of new kind of Higgs signal at the
colliders, a comparative study of different lightest supersymmetric particle scenarios in the context
of an accelerator experiment and many more. In a nutshell, with the LHC running at the corner we
expect to explore more wonders of the µνSSM.
Appendix A
A.1 Scalar mass squared matrices in MSSM
z Neutral scalar, (M2MSSM−scalar)2×2 in the basis (<H0d ,<H0u)V
(
Bµtanβ − µv1 εαv′α + 2γgv21 −2γgv1v2 +Bµ
−2γgv1v2 +Bµ Bµcotβ +Bεα v
′
α
v2
+ 2γgv
2
2
)
. (A.1)
z Neutral pseudoscalar (M2MSSM−pseudoscalar)2×2 in the basis (=H0d ,=H0u)V
(
Bµtanβ − µεα v
′
α
v1
Bµ
Bµ Bµcotβ +Bεα
v′α
v2
)
. (A.2)
z Charged scalar (M2MSSM−charged)2×2 in the basis (H+d , H+u )V
(M2MSSM−charged)2×2 =
(
C211 C
2
12
C221 C
2
22
)
, (A.3)
where
C211 = Bµtanβ − µεα
v′α
v1
+ Y αρe Y
βρ
e v
′
αv
′
β −
g22
2
{v′2α − v22},
C212 = Bµ +
g22
2
v1v2, C
2
21 = C
2
12,
C222 = Bµcotβ +Bεα
v′α
v2
+
g22
2
{v′2α + v21}. (A.4)
In these derivations minimization equations for Hu, Hd has been used, which are given by
ε2αv2 −Bεαv′α −Bµv1 + (m2Hu + µ2)v2 − γgξυv2 = 0,
µεαv′α −Bµv2 + (m2Hd + µ2)v1 + γgξυv1 = 0, (A.5)
with γg =
1
4 (g
2
1 + g
2
2) and ξυ =
∑
v′2α + v
2
1 − v22 .
A.2 Fermionic mass matrices in MSSM
z Chargino mass matrix (M charginoMSSM )2×2 in the basis −iλ˜+2 , H˜+u (column) and −iλ˜−2 , H˜−d (row) V
(M charginoMSSM )2×2 =
(
M2 g2v2
g2v1 µ
)
. (A.6)
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z Neutralino mass matrix (MneutralinoMSSM )4×4 in the basis −iB˜0,−iW˜ 03 , H˜0d , H˜0u V
(MneutralinoMSSM )4×4 =

M1 0 − g1√2v1
g1√
2
v2
0 M2
g2√
2
v1 − g2√2v2
− g1√
2
v1
g2√
2
v1 0 −µ
g1√
2
v2 − g2√2v2 −µ 0
 . (A.7)
Appendix B
B.1 Scalar mass squared matrices in µνSSM
Decomposition of various neutral scalar fields of µνSSM in real (<) and imaginary (=) parts are as
follows
H0d = <H0d + =H0d = H0dR + iH0dI ,
H0u = <H0u + =H0u = H0uR + iH0uI ,
ν˜ck = <ν˜ck + =ν˜ck = ν˜ckR + iν˜ckI ,
ν˜k = <ν˜k + =ν˜k = ν˜kR + iν˜kI . (B.1)
Only the real components get VEVs as indicated in eqn.(4.3).
The entries of the scalar and pseudoscalar mass-squared matrices are defined as
(M2S)
αβ = 〈1
2
∂2Vneutral
∂φαR∂φ
β
R
〉, (M2P )αβ = 〈
1
2
∂2Vneutral
∂φαI∂φ
β
I
〉, (B.2)
where
φαR = H
0
dR, H
0
uR, ν˜
c
kR, ν˜kR,
φαI = H
0
dI , H
0
uI , ν˜
c
kI , ν˜kI . (B.3)
Note that the Greek indices α, β are used to refer various scalar and pseudoscalar Higgs and both
SU(2)L doublet and singlet sneutrinos, that is H
0
d , H
0
u, ν˜
c
k, ν˜k, whereas k is used as a subscript to specify
various flavours of doublet and singlet sneutrinos i.e., k = e, µ, τ in the flavour (weak interaction) basis.
z Neutral scalar I
In the flavour basis or weak interaction basis ΦTS = (H
0
dR, H
0
uR, ν˜
c
nR, ν˜nR),
1 the scalar mass term in
the Lagrangian is of the form
Lmassscalar = ΦTSM2SΦS , (B.4)
where M2S is an 8× 8 symmetric matrix. The mass eigenvectors are
S0α = R
S0
αβΦSβ , (B.5)
with the diagonal mass matrix
(MdiagS )2αβ = RS
0
αγM
2
Sγδ
RS
0
βδ . (B.6)
z Neutral pseudoscalar I
In the weak interaction basis ΦTP = (H
0
dI , H
0
uI , ν˜
c
nI , ν˜nI), the pseudoscalar mass term in the Lagrangian
is of the form
Lmasspseudoscalar = ΦTPM2PΦP , (B.7)
1In refs. [1, 2] H01R, H
0
2R was used in lieu of H
0
dR, H
0
uR.
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where M2P is an 8× 8 symmetric matrix. The mass eigenvectors are defined as
P 0α = R
P 0
αβΦPβ , (B.8)
with the diagonal mass matrix
(MdiagP )2αβ = RP
0
αγM
2
Pγδ
RP
0
βδ . (B.9)
z Charged scalar I
In the weak basis Φ+
T
C = (H
+
d , H
+
u , e˜
+
Rn, e˜
+
Ln)
2 the charged scalar mass term in the Lagrangian is of
the form
Lmasscharged scalar = Φ−
T
C M
2
C±Φ
+
C , (B.10)
where M2C± is an 8× 8 symmetric matrix. The mass eigenvectors are
S±α = R
S±
αβΦ
±
Cβ
, (B.11)
with the diagonal mass matrix
(MdiagC± )2αβ = RS
±
αγM
2
C±γδ
RS
±
βδ . (B.12)
The independent entries of the 8× 8 symmetric matrix M2S (eqn. (B.4)) using eqn. (4.5) and eqn.
2In refs. [1, 2] Φ+
T
C = (H
+
1 , H
+
2 , e˜
+
Rn, e˜
+
Ln) basis was used.
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(4.6) 3 are given by
(M2S)
H0dRH
0
dR =
1
v1
∑
j
λjv2
(∑
ik
κijkvci v
c
k
)
+
∑
j
λjrjv22 + µ
∑
j
rjcv
′
j
+
∑
i
(Aλλ)
ivci v2
]
+ 2γgv
2
1 ,
(M2S)
H0dRH
0
uR = −2
∑
j
λjρjv2 −
∑
i,j,k
λjκijkvci v
c
k − 2γgv1v2 −
∑
i
(Aλλ)
ivci ,
(M2S)
H0uRH
0
uR =
1
v2
−∑
j
ρj
∑
l,k
κljkvcl v
c
k
−∑
i,j
(AνYν)
ijv′iv
c
j
+
∑
i
(Aλλ)
ivci v1
]
+ 2γgv
2
2 ,
(M2S)
H0dRν˜
c
mR = −2
∑
j
λjumjc v2 + 2µv1λ
m − λm
∑
i
ricv
′
i − µrm − (Aλλ)mv2,
(M2S)
H0dRν˜mR = −
∑
j
λjY mjν v
2
2 − µrmc + 2γgv′mv1,
(M2S)
H0uRν˜
c
mR = 2
∑
j
umjc ρ
j + 2λmµv2 + 2
∑
i
Y imν r
i
cv2 +
∑
i
(AνYν)
imv′i
− (Aλλ)mv1,
(M2S)
H0uRν˜mR = 2
∑
j
Y mjν ρ
jv2 +
∑
i,j,k
Y mjν κ
ijkvci v
c
k − 2γgv′mv2 +
∑
j
(AνYν)
mjvcj ,
(M2S)
ν˜cnRν˜
c
mR = 2
∑
j
κjnmζj + 4
∑
j
umjc u
nj
c + ρ
mρn + hnmv22
+ (m2ν˜c)
mn + 2
∑
i
(Aκκ)
imnvci ,
(M2S)
ν˜cnRν˜mR = 2
∑
j
Y njν u
mj
c v2 + Y
nm
ν
∑
i
ricv
′
i + r
n
c r
m − µv1Y nmν
− λmrnc v1 + (AνYν)nmv2,
(M2S)
ν˜nRν˜mR =
∑
j
Y njν Y
mj
ν v
2
2 + r
m
c r
n
c + γgξυδnm + 2γgv
′
nv
′
m + (m
2
L˜
)mn. (B.13)
Similarly independent elements of 8 × 8 symmetric matrix M2P (eqn. (B.7)) using eqn. (4.5) and
3A typo in (M2S)
H0dRH
0
uR in ref. [1] has been corrected.
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eqn. (4.6) are given by
(M2P )
H0dIH
0
dI =
1
v1
∑
j
λjv2
(∑
ik
κijkvci v
c
k
)
+
∑
j
λjrjv22 + µ
∑
j
rjcv
′
j
+
∑
i
(Aλλ)
ivci v2
]
,
(M2P )
H0dIH
0
uI =
∑
i,j,k
λjκijkvci v
c
k +
∑
i
(Aλλ)
ivci ,
(M2P )
H0uIH
0
uI =
1
v2
−∑
j
ρj
∑
l,k
κljkvcl ν
c
k
−∑
i,j
(AνYν)
ijv′iv
c
j
+
∑
i
(Aλλ)
ivci v1
]
,
(M2P )
H0dI ν˜
c
mI = −2
∑
j
λjumjc v2 − µrm + λm
∑
i
ricv
′
i + (Aλλ)
mv2,
(M2P )
H0dI ν˜mI = −
∑
j
λjY mjν v
2
2 − µrmc ,
(M2P )
H0uI ν˜
c
mI = 2
∑
j
umjc ρ
j −
∑
i
(AνYν)
imv′i + (Aλλ)
mv1,
(M2P )
H0uI ν˜mI = −
∑
i,j,k
Y mjν κ
ijkvci v
c
k −
∑
j
(AνYν)
mjvcj ,
(M2P )
ν˜cnI ν˜
c
mI = −2
∑
j
κjnmζj + 4
∑
j
umjc u
nj
c + ρ
mρn + hnmv22
+ (m2ν˜c)
nm − 2
∑
i
(Aκκ)
inmvci ,
(M2P )
ν˜cnI ν˜mI = 2
∑
j
umjc Y
nj
ν v2 − Y nmν
∑
i
ricv
′
i + r
n
c r
m + µv1Y
nm
ν
− λmrnc v1 − (AνYν)nmv2,
(M2P )
ν˜nI ν˜mI =
∑
j
Y mjν Y
nj
ν v
2
2 + r
m
c r
n
c + (m
2
L˜
)nm + γgξυδmn. (B.14)
In eqns.(B.13), (B.14) hnm = λnλm +
∑
Y inν Y
im
ν has been used. One eigenvalue ofM2P matrix is zero
which corresponds to the neutral Goldstone boson.
Finally, the independent entries of M2C using eqn. (4.5) and eqn. (4.6) are given by
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(M2C)
HdHd =
1
v1
∑
j
λjζjv2 + µ
∑
j
rjcv
′
j +
∑
i
(Aλλ)
ivci v2

+
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i,j,k
Y ije Y
kj
e v
′
iv
′
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g2
2
2
(
∑
i
v′2i − v22),
(M2C)
HdHu = −
∑
j
λj
2
v1v2 +
∑
j
λjrjv2 +
∑
j
λjuijc v
c
i +
g2
2
2
v1v2
+
∑
i
(Aλλ)
ivci ,
(M2C)
HuHu =
1
v2
−∑
j
ρjζj −
∑
i,j
(AνYν)
ijv′iv
c
j +
∑
i
(Aλλ)
ivci v1

+
g2
2
2
(
∑
i
v′2i + v
2
1),
(M2C)
Hde˜Rm = −
∑
i
ricY
im
e v2 −
∑
i
(AeYe)
imv′i,
(M2C)
Hde˜Lm = −µrmc −
∑
i,j
Y mje Y
ij
e v
′
iv1 +
g22
2
v′mv1,
(M2C)
Hue˜Rm = −µ
∑
i
Y mie v
′
i −
∑
i
Y ime r
i
cv1,
(M2C)
Hue˜Lm = −
∑
j
Y mjν ζ
j +
g22
2
v′mv2 −
∑
i
(AνYν)
mivci ,
(M2C)
e˜Rne˜Rm =
∑
i,j
Y ime Y
jn
e v
′
iv
′
j +
∑
i
Y ime Y
in
e v
2
1 + (m
2
e˜c)
mn − g
2
1
2
ξυδmn,
(M2C)
e˜Rne˜Lm = −µY mne v2 + (AeYe)nmv1,
(M2C)
e˜Lne˜Lm = rmc r
n
c +
∑
j
Y mje Y
nj
e v
2
1 + γgξυδmn −
g22
2
ξυδmn
+
g22
2
v′mv
′
n + (m
2
L˜
)mn. (B.15)
For the charged scalar mass-squared matrix, seven out of eight eigenvalues are positive and the re-
maining one is a massless charged Goldstone boson.
Note that in eqns. (B.13), (B.14), (B.15) we have used vci and v
′
i to represent VEV of i-th right
handed and left handed sneutrino, respectively. In ref. [1] these were represented by νci and νi, respec-
tively.
z Squark mass matrices I
In the weak basis, u˜′i = (u˜Li , u˜
∗
Ri
) and d˜′i = (d˜Li , d˜
∗
Ri
), we get
Lmasssquark =
1
2
u˜′i
†
M2u˜ij u˜
′
j +
1
2
d˜′i
†
M2
d˜ij
d˜′j , (B.16)
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where q˜ = (u˜′, d˜′). Explicitly for up and down type squarks (u˜, d˜), using eqn.(4.6) the entries are
(M2u˜)
LiLj = (m2
Q˜
)ij +
1
6
(
3g22
2
− g
2
1
2
)ξυδ
ij +
∑
n
Y inu Y
jn
u v
2
2 ,
(M2u˜)
RiRj = (m2u˜c)
ij +
g21
3
ξυδ
ij +
∑
n
Y niu Y
nj
u v
2
2 ,
(M2u˜)
LiRj = (AuYu)
ijv2 − Y iju v1µ+ Y iju
∑
l
rlcv
′
l ,
(M2u˜)
RiLj = (M2u˜)
LjRi , (B.17)
and
(M2
d˜
)LiLj = (m2
Q˜
)ij − 1
6
(
3g22
2
+
g21
2
)ξυδ
ij +
∑
n
Y ind Y
jn
d v
2
1 ,
(M2
d˜
)RiRj = (m2
d˜c
)ij − g
2
1
6
ξυδ
ij +
∑
n
Y nid Y
nj
d v
2
1 ,
(M2
d˜
)LiRj = (AdYd)
ijv1 − Y ijd v2µ ,
(M2
d˜
)RiLj = (M2
d˜
)LjRi . (B.18)
For the mass eigenstate q˜i we have
q˜i = R
q˜
ij q˜j , (B.19)
with the diagonal mass matrix
(Mdiagq˜ )2ij = Rq˜ilM2q˜lkRq˜jk. (B.20)
B.2 Quark mass matrices in µνSSM
The mass matrices for up and down quarks are 3 × 3 and they are diagonalized using bi-unitary
transformation. Entries of up and down quark mass matrices mu3×3 and m
d
3×3 are same as the MSSM
and are given below
(mu3×3)ij = Y
ij
u v2,
(md3×3)ij = Y
ij
d v1. (B.21)
The quark mass matrices are diagonalized as follows
RuL
∗mu3×3R
u
R
−1 = MdiagU ,
RdL
∗
md3×3R
d
R
−1
= MdiagD . (B.22)
Appendix C
C.1 Details of expansion matrix ξ
In this appendix the entries of the expansion matrix ξ are given in details
ξi1 ≈
√
2g1µm
2
νcM2A
12D
bi,
ξi2 ≈ −
√
2g2µm
2
νcM1A
12D
bi,
ξi3 ≈ −m
2
νcM
′
2D
{(
λv2v
2 − 4µAM
v2
)
ai +mνcv2v
cbi
− 3λ (λv1v2 − 2mνcvcv2)ci} ,
ξi4 ≈ −m
2
νcM
′
2D
{
λv1v
2ai +mνcv1v
cbi + 3λ
2v2v
2ci
}
,
ξi,4+i ≈ mν
cM ′
2D
{
2λ
(
λv4(1− 1
2
sin22β) +
mνc
2
vcv2sin2β
+ Av2sin2β − 4µMA) ai − µmνcv2cos2βbi} ,
ξ16 ≈ ξ17 ≈ −mν
cM ′
2D
{
λ
(
λv4 − 4µMA)a1 + µmνcv2
3
b1 − 2λµmνcv22c1
}
,
ξ25 ≈ ξ27 ≈ −mν
cM ′
2D
{
λ
(
λv4 − 4µMA)a2 + µmνcv2
3
b2 − 2λµmνcv22c2
}
,
ξ35 ≈ ξ36 ≈ −mν
cM ′
2D
{
λ
(
λv4 − 4µMA)a3 + µmνcv2
3
b3 − 2λµmνcv2c3
}
,
(C.1)
where using eqn.(4.8)
ai = Y
ii
ν v2, bi = (Y
ii
ν v1 + 3λv
′
i), ci = v
′
i,
mνc = 2κv
c, µ = 3λvc, A = (κvc2 + λv1v2),
v2 = vsinβ, v1 = vcosβ, D = Det [M7×7] ,
1
M
=
g21
M1
+
g22
M2
, M ′ =
M1M2
M
, (C.2)
with i = e, µ, τ ≡ 1, 2, 3.
C.2 Tree level analysis with perturbative calculation
In the unperturbed basis Bbibj with B = 23 Av
c
∆ the eigenvalues and eigenvectors are given by
0, 0,B(b2e + b2µ + b2τ ),(
− bτbe 0 1
)T
,
(
− bµbe 1 0
)T
,
(
be
bτ
bµ
bτ
1
)T
, (C.3)
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where bis are given by eqn.(4.24). We choose the co-efficient of aiaj term to be A(= 16κvc ). The set of
orthonormal eigenvectors are obtained using Gram-Schmidt orthonormalization procedure. The set of
orthonormal eigenvectors obtained in this case are
y1 =
be√
b2e + b
2
τ
 − bτbe0
1
 ,
y2 =
√
b2e + b
2
τ
Ωb
 −
bebµ
b2e+b
2
τ
1
− bµbτb2e+b2τ
 ,
y3 =
bτ
Ωb
 bebτbµ
bτ
1
 , (C.4)
where
Ωb =
√
b2e + b
2
µ + b
2
τ . (C.5)
Using degenerate perturbation theory for this set of orthonormal eigenvectors, the modified eigenvalues
m′± and m
′
3 are obtained as
m′± = −
A
Ω2b
{
Πab ±
√[
−3Ω2b(Σab)2 + (Πab)2
]}
,
m′3 = BΩ2b −
2A
Ω2b
{
(
∑
i
aibi)
2 − 3Λab
}
, (C.6)
where
Λab =
∑
i<j
aiajbibj , Πab =
∑
i<j
(aibj + ajbi)
2 − Λab, Σab =
∑
i 6=j 6=k
aiajbk.
(C.7)
As one can see from eqn.(C.6), the correction to the eigenvalues are proportional to the coefficient A
appearing in ordinary seesaw (eqn.(4.29)). This is a well expected result since we treat the ordinary
seesaw terms as the perturbation. Let us note in passing that this effect is absent if only one generation
of left chiral neutrino is considered, whereas for two and three generations of left chiral neutrino the
ordinary seesaw effect exists. This can be understood from the most general calculation involving
n-generations of left chiral neutrinos, where the coefficients of A pick up an extra factor (n − 1) (see
section C.3).
With the set of orthonormal eigenvectors in eqn. (C.4) and the eigenvalues in eqn.(C.6), it is
possible to write down the eigenvectors of matrix given by eqn.(4.31) in the following form
(Y1)3×1 = α1y1 + α2y2, (Y2)3×1 = α′1y1 + α′2y2, (Y3)3×1 = y3, (C.8)
where α1, α2, α
′
1, α
′
2, are calculated using degenerate perturbation theory and their analytical expres-
sions are given by
α1 = ±
 h12√
h212 + (h11 −m′+)2
 , α2 = ∓
 h11 −m′+√
h212 + (h11 −m′+)2
 ,
α′1 = ±
 h12√
h212 + (h11 −m′−)2
 , α′2 = ∓
 h11 −m′−√
h212 + (h11 −m′−)2
 .
(C.9)
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Here m′+, m
′
− are given by eqn.(C.6) and h11, h12 are given by
h11 = −
2A (a2τ b2e + aeaτ bebτ + a2eb2τ)
b2+
,
h12 =
A [aµ(aτ be − aebτ )b2+ − bµ (2bebτa2− + aeaτ b2−)]
Ωbb2+
, (C.10)
where
b2± = (b
2
e ± b2τ ), a2− = (a2e − a2τ ), (C.11)
and Ωb has been defined in eqn.(C.5).
The light neutrino mixing matrix or PMNS matrix U (eqn.(3.9)) can be constructed using the
eigenvectors given in eqn.(C.8) and it looks like
U =
( Y1 Y2 Y3 )3×3 . (C.12)
C.3 See-saw masses with n generations
For the sake of completeness we mention the neutrino mass generation in µνSSM with n generations
of lepton family. The most general form of effective neutrino mass matrix is given by
(Mseesawν )ij =
1
2nκvc
aiaj(1− nδij) + 2Av
c
n∆
bibj .
(C.13)
In this situation eqn.(4.24), eqn.(C.5) and eqn.(C.6) are modified as follows
Ωb =
∑
m
b2m
where bm = (Y
mm
ν v1 + nλνm) m = 1, .., n, (C.14)
m′r = −
(n− 1)A
2Ω2b
{
Πab − (−1)n−r
√[
−3Ω2b(Σab)2 + (Πab)2
]}
,
m′n = BΩ2b −
(n− 1)A
Ω2b
{
(
∑
i
a2i b
2
i )
2 − 3(n− 2)Λab
}
, (C.15)
where A = 12 nκvc , B = 2n Av
c
∆ , µ = nλv
c, r = 1, ..., (n− 1) and
Λab =
∑
i<j
aiajbibj ,
Πab =
∑
i<j
(aibj + ajbi)
2 − (n− 2)Λab,
Σab =
∑
i 6=j 6=k
aiajbk
where i, j, k = 1, ....., n. (C.16)
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Appendix D
D.1 Feynman rules
The relevant Feynman rules required for the calculation of the one-loop contributions to the neutralino
masses (see figure 4.7, section 4.7) are shown here [2]. Some of these Feynman rules have been derived
also in ref. [1] for calculating two body decays of the lightest neutralino, χ˜01. Feynman rules for MSSM
are given in references [3–5] and in references [6–9] for MSSM with singlet superfields. Feynman rules
for Rp-violating MSSM are studied in references [10–12]. The required Feynman rules are (using
relations of form neutralino-fermion-scalar/gauge boson and they are listed below.
F Neutralino-neutralino-neutral scalar
The Lagrangian using four component spinor notation can be written as
Lnnh = − g˜√
2
χ˜0i (O
nnh
LijkPL +O
nnh
RijkPR)χ˜
0
jS
0
k, (D.1)
where g˜OnnhLijk is given by
ηj
1
2
[
RS
0
k1
(
g2√
2
N∗i2N
∗
j3 −
g1√
2
N∗i1N
∗
j3 − λmN∗i4N∗j,m+4
)
−RS0k2
(
g2√
2
N∗i2N
∗
j4 −
g1√
2
N∗i1N
∗
j4 + λ
mN∗i3N
∗
j,m+4 − Y mnν N∗i,n+4N∗j,m+7
)
+RS
0
k,m+2
(
Y mnν N
∗
i4N
∗
j,n+7 − λmN∗i3N∗j4 + κmnpN∗i,n+4N∗j,p+4
)
+ RS
0
k,m+5
(
g2√
2
N∗i2N
∗
j,m+7 −
g1√
2
N∗i1N
∗
j,m+7 + Y
mn
ν N
∗
i4N
∗
j,n+4
)]
+(i↔ j),
(D.2)
and1
OnnhRijk = (O
nnh
Ljik)
∗. (D.3)
F Neutralino-neutralino-neutral pseudoscalar
The Lagrangian using four component spinor notation can be written as
Lnna = −i g˜√
2
χ˜0i (O
nna
LijkPL +O
nna
RijkPR)χ˜
0
jP
0
k , (D.4)
1A typos [2] in the expression of OnnhRijk has been corrected.
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where g˜OnnaLijk is given as
ηj
1
2
[
RP
0
k1
(
− g2√
2
N∗i2N
∗
j3 +
g1√
2
N∗i1N
∗
j3 − λmN∗i4N∗j,m+4
)
+RP
0
k2
(
g2√
2
N∗i2N
∗
j4 −
g1√
2
N∗i1N
∗
j4 − λmN∗i3N∗j,m+4 + Y mnν N∗i,n+4N∗j,m+7
)
+RP
0
k,m+2
(
Y mnν N
∗
i4N
∗
j,n+7 − λmN∗i3N∗j4 + κmnpN∗i,n+4N∗j,p+4
)
+ RP
0
k,m+5
(
− g2√
2
N∗i2N
∗
j,m+7 +
g1√
2
N∗i1N
∗
j,m+7 + Y
mn
ν N
∗
i4N
∗
j,n+4
)]
+(i↔ j),
(D.5)
and2
OnnaRijk = −(OnnaLjik)∗. (D.6)
F Neutralino-neutralino-Z0
The Lagrangian using four component spinor notation can be written as
Lnnz = −g2
2
χ˜0i γ
µ(OnnzLij PL +O
nnz
Rij PR)χ˜
0
jZ
0
µ, (D.7)
where
OnnzLij = ηiηj
1
2 cosθW
(
Ni3N
∗
j3 −Ni4N∗j4 + Ni,m+7N∗j,m+7
)
,
OnnzRij =
1
2 cosθW
(−N∗i3Nj3 + N∗i4Nj4 −N∗i,m+7Nj,m+7) . (D.8)
F Neutralino-chargino-charged scalar
The Lagrangian using four component spinor notation can be written as
Lncs = −g˜χ˜i(OcnsLijkPL +OcnsRijkPR)χ˜0jS+k − g˜χ˜0i (OncsLijkPL +OncsRijkPR)χ˜jS−k , (D.9)
where
g˜OcnsLijk = ηj
[
RS
±
k1
(
− g2√
2
U∗i2N
∗
j2 −
g1√
2
U∗i2N
∗
j1 + g2U
∗
i1N
∗
j3
)
+RS
±
k2
(
λmU∗i2N
∗
j,m+4 − Y mnν U∗i,m+2N∗j,n+4
)
+RS
±
k,m+2
(
Y mne U
∗
i,n+2N
∗
j3 − Y mne U∗i2N∗j,n+7
)
+ RS
±
k,m+5
(
g2U
∗
i1N
∗
j,m+7 −
g2√
2
U∗i,m+2N
∗
j2 −
g1√
2
U∗i,m+2N
∗
j1
)]
,
g˜OcnsRijk = i
[
RS
±
k1 (λ
mVi2Nj,m+4 − Y mne Vi,n+2Nj,m+7)
+RS
±
k2
(
g2√
2
Vi2Nj2 +
g1√
2
Vi2Nj1 + g2Vi1Nj4
)
+
√
2g1R
S±
k,m+2Vi,m+2Nj1
+ RS
±
k,m+5 (Y
mn
e Vi,n+2Nj3 − Y mnν Vi2Nj,n+4)
]
,
(D.10)
and
OncsLijk = (O
cns
Rjik)
∗, OncsRijk = (O
cns
Ljik)
∗. (D.11)
2A typos [2] in the expression of OnnaRijk has been corrected.
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F Neutralino-chargino-W
The Lagrangian using four component spinor notation can be written as
Lncw = −g2χ˜iγµ(OcnwLij PL +OcnwRij PR)χ˜0jW+µ − g2χ˜0i γµ(OncwLij PL +OncwRij PR)χ˜jW−µ . (D.12)
where
OcnwLij = −iηj
(
Vi1N
∗
j2 −
1√
2
Vi2N
∗
j4
)
,
OcnwRij = −U∗i1Nj2 −
1√
2
U∗i2Nj3 −
1√
2
U∗i,n+2Nj,n+7, (D.13)
and
OncwLij = (O
cnw
Lji )
∗, OncwRij = (O
cnw
Rji )
∗. (D.14)
The factors ηj and i are the proper signs of neutralino and chargino masses [6]. They have values ±1.
F Neutralino-quark-squark
The Lagrangian using four component spinor notation can be written as
Lnqq˜ = −g˜qi(Oqnq˜LijkPL +Oqnq˜RijkPR)χ˜0j q˜k − g˜χ˜0i (Onqq˜LijkPL +Onqq˜RijkPR)qj q˜∗k. (D.15)
where
Oqnq˜Lijk = (O
nqq˜
Rjik)
∗, Oqnq˜Rijk = (O
nqq˜
Ljik)
∗, (D.16)
and
g˜Onuu˜Lijk = R
u˜
km
(
g2√
2
N∗i2R
u
Ljm +
g1
3
√
2
N∗i1R
u
Ljm
)
+ Y nmu R
u˜
k,m+3N
∗
i4R
u
Ljn ,
g˜Onuu˜Rijk = Y
mn∗
u R
u˜
kmNi4R
u∗
Rjn −
4g1
3
√
2
Ru˜k,m+3Ni1R
u∗
Rjm ,
g˜Ondd˜Lijk = R
d˜
km
(
− g2√
2
N∗i2R
d
Ljm +
g1
3
√
2
N∗i1R
d
Ljm
)
+ Y nmd R
d˜
k,m+3N
∗
i3R
d
Ljn ,
g˜Ondd˜Rijk = Y
mn∗
d R
d˜
kmNi3R
d∗
Rjn +
2g1
3
√
2
Rd˜k,m+3Ni1R
d∗
Rjm . (D.17)
Note that for couplings of the type χ˜0χ˜0B, with B as either a scalar (CP-even, CP-odd) or a vector
boson (Z) the associated Feynman rules must be multiplied by a 2 factor in calculations. This feature
is a special property of a Majorana fermion since a Majorana field, being self conjugate (eqn.(3.16))
contains both creation and annihilation operators [3].
We have extensively used a set of relations between weak or flavour eigenbasis and mass eigenbasis,
both for the scalars and fermions to derive all these Feynman rules. For the scalars (CP-even scalar,
CP-odd scalar, charged scalar and scalar quarks) these relations are given by eqns.(B.5), (B.8), (B.11)
and (B.19). Similar relations for the four component neutralinos and charginos (eqn.(4.21)) are given
below.
 Neutralinos
PLB˜
0 = PLN
∗
i1χ˜
0
i , PLW˜
0
3 = PLN
∗
i2χ˜
0
i , PLH˜j = PLN
∗
i,j+2χ˜
0
i ,
PLνk = PLN
∗
i,k+7χ˜
0
i , PLν
c
k = PLN
∗
i,k+4χ˜
0
i ,
PRB˜
0 = PRNi1χ˜
0
i , PRW˜
0
3 = PRNi2χ˜
0
i , PRH˜j = PRNi,j+2,
PRνk = PRNi,k+7χ˜
0
i , PRν
c
k = PRNi,k+4χ˜
0
i ,
where j = 1, 2 k = 1, 2, 3, i = 1, 2, ..., 10 (D.18)
and
PL =
(
1− γ5
2
)
, PR =
(
1 + γ5
2
)
. (D.19)
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 Charginos
PLW˜ = PLV
∗
i1χ˜i, PLH˜ = PLV
∗
i2χ˜i, PLlk = PLU
∗
i,k+2χ˜
c
i ,
PRW˜ = PRUi1χ˜i, PRH˜ = PRUi2χ˜i, PRlk = PRVi,k+2χ˜
c
i ,
PLW˜
c = PLU
∗
i1χ˜
c
i , PLH˜
c = PLU
∗
i2χ˜
c
i , PLl
c
k = PLV
∗
i,k+2χ˜i,
PRW˜
c = PRVi1χ˜
c
i , PRH˜
c = PRVi2χ˜
c
i , PRl
c
k = PRUi,k+2χ˜i,
(D.20)
where k = 1, 2, 3, and i varies from 1 to 5.
Appendix E
In this appendix we give the detail expressions for the renormalized self energy functions Σ˜Vij and Π˜
V
ij .
Different (Off
′b)1 couplings are given in appendix D.
E.1 The Σ˜Vij function
The regularized function Σ˜Vij is given as
− 1
16pi2
[
g˜2
2
8∑
r=1
10∑
k=1
(
OnnhLkirO
nnh
Rjkr +O
nnh
LjkrO
nnh
Rkir
)
B1(p
2,m2χ˜0k
,m2S0r )
− g˜
2
2
7∑
r=1
10∑
k=1
(
OnnaLkirO
nna
Rjkr +O
nna
LjkrO
nna
Rkir
)
B1(p
2,m2χ˜0k
,m2P 0r )
+ g22
10∑
k=1
(
OnnzLkiO
nnz
Ljk +O
nnz
RkiO
nnz
Rjk
)
B1(p
2,m2χ˜0k
,m2Z0µ)
+ 2g22
5∑
k=1
(
OcnwLki O
ncw
Ljk +O
cnw
RkiO
ncw
Rjk
)
B1(p
2,m2
χ˜∓k
,m2
W±µ
)
+ g˜2
7∑
r=1
5∑
k=1
(
OcnsLkirO
ncs
Rjkr +O
ncs
LjkrO
cns
Rkir
)
B1(p
2,m2
χ˜∓k
,m2
S±r
)
+ 3g˜2
6∑
r=1
3∑
k=1
(
Ounu˜LkirO
nuu˜
Rjkr +O
nuu˜
LjkrO
unu˜
Rkir
)
B1(p
2,m2uk ,m
2
u˜r
)
+ 3g˜2
6∑
r=1
3∑
k=1
(
Odnd˜LkirO
ndd˜
Rjkr +O
ndd˜
LjkrO
dnd˜
Rkir
)
B1(p
2,m2dk ,m
2
d˜r
)
]
.
(E.1)
1f is a neutralino, f ′ is either a neutralino or a chargino or a quark and b is either a scalar (CP-even or CP-odd or
charged or squark) or a vector boson (W±, Z).
155
156 APPENDIX E.
E.2 The Π˜Vij function
In similar fashion Π˜Vij looks like
− 1
16pi2
[
g˜2
8∑
r=1
10∑
k=1
mχ˜0k
2
(
OnnhLkirO
nnh
Ljkr +O
nnh
RkirO
nnh
Rjkr
)
B0(p
2,m2χ˜0k
,m2S0r )
− g˜2
7∑
r=1
10∑
k=1
mχ˜0k
2
(
OnnaLkirO
nna
Ljkr +O
nna
RkirO
nna
Rjkr
)
B0(p
2,m2χ˜0k
,m2P 0r )
− 2g22
10∑
k=1
mχ˜0k
(
OnnzLkiO
nnz
Rjk +O
nnz
LjkO
nnz
Rki
)
B0(p
2,m2χ˜0k
,m2Z0µ)
− 4g22
5∑
k=1
mχ˜±k
(
OcnwLki O
ncw
Rjk +O
cnw
RkiO
ncw
Ljk
)
B0(p
2,m2
χ˜∓k
,m2
W±µ
)
+ g˜2
7∑
r=1
5∑
k=1
mχ˜±k
(
OcnsLkirO
ncs
Ljkr +O
ncs
RjkrO
cns
Rkir
)
B0(p
2,m2
χ˜∓k
,m2
S±r
)
+ 3g˜2
6∑
r=1
3∑
k=1
muk
(
Ounu˜LkirO
nuu˜
Ljkr +O
unu˜
RkirO
nuu˜
Rjkr
)
B0(p
2,m2uk ,m
2
u˜r
)
+ 3g˜2
6∑
r=1
3∑
k=1
mdk
(
Odnd˜LkirO
ndd˜
Ljkr +O
dnd˜
RkirO
ndd˜
Rjkr
)
B0(p
2,m2dk ,m
2
d˜r
)
]
.
(E.2)
Note that the quark - squark loops (second row, right most diagram of figure 4.7) receive an extra
enhancement by a factor of 3 from three different quark colours. The Passarino-Veltman functions
(B0, B1) are given in appendix F.
Appendix F
F.1 The B0, B1 functions
The B0 and B1 functions are Passarino-Veltman [13,14] functions defined in the notation of [15] as
i
16pi2
B0(p
2,m2f ′k
,m2br ) = (µ
2)4−D
∫
dDq
(2pi)D
1
(q2 −m2f ′k)((q + p)2 −m
2
br
)
,
i
16pi2
Bµ(p
2,m2f ′k
,m2br ) = (µ
2)4−D
∫
dDq
(2pi)D
qµ
(q2 −m2f ′k)((q + p)2 −m
2
br
)
,
Bµ(p
2,m2f ′k
,m2br ) = pµB1(p
2,m2f ′k
,m2br ).
(F.1)
D is the dimension of the integral. In the D dimension mass dimension [M ] for a fermion is [M ]
D−1
2
and that of a scalar is [M ]
D−2
2 . Consequently, the 4-dimensional couplings are scaled by a factor
(µ2)4−D, where [µ] = [M ].
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Appendix G
G.1 Feynman diagrams for the tree level χ˜01 decay
Possible two-body and three-body final states (at the tree level) arising from the Rp-violating decays
of a lightest neutralino, χ˜01 are shown here
χ˜01
νk
Z0
χ˜01
l+i
W−
χ˜01
l−i
W+
χ˜01
νk
h0
Figure G.1: Feynman diagrams for the possible two body decays of the lightest neutralino. h0 is the
lightest Higgs boson of the MSSM which is similar to the SM Higgs boson.
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χ˜01
νk
l−j
l+i
Z0
χ˜01
l+i
l−j
νk
W+
χ˜01
l−j
l+i
νk
W−
χ˜01
νk
l−j
l+i
S0m, P
0
m
χ˜01
l+i
l−j
νk
S+m
χ˜01
l−j
l+i
νk
S−m
χ˜01
νk
q¯
q
Z0
χ˜01
νk
q¯
q
S0m, P
0
m
χ˜01
q¯
q
νk
q˜m
χ˜01
q
q¯
νk
q˜m
χ˜01
νk
νi
νj
Z0
χ˜01
νk
νi
νj
S0m, P
0
m
χ˜01
l+k
u¯i
dj
W+
χ˜01
l−k ui
d¯j
W−
χ˜01
l+k
u¯i
dj
S+m
χ˜01
l−k ui
d¯j
S−m
χ˜01
d¯j
l−k
ui
d˜m
χ˜01
ui
l−k
d¯j
u˜m
χ˜01
dj
l+k
u¯i
d˜m
χ˜01
u¯i
l+k
dj
u˜m
Figure G.2: Feynman diagrams for the possible three body decays of the lightest neutralino. S0, P 0, S±
represent the scalar, the pseudoscalar and the charged scalar states, respectively.
Appendix H
H.1 Feynman rules
The relevant Feynman rules required for the calculation of the possible two-decays of the scalar and
pseudoscalar states are shown in this appendix. The factors ηi,ηj and i, j are the proper signs of
neutralino and chargino masses [6].
F Chargino-chargino-neutral scalar
The Lagrangian using four component spinor notation can be written as
Lcch = − g˜√
2
χ˜i(O
cch
LijkPL +O
cch
RijkPR)χ˜jS
0
k, (H.1)
where
g˜OcchLijk = j
[
RS
0
k1
(
Y mne U
∗
i,m+2V
∗
j,n+2 + g2U
∗
i2V
∗
j1
)
+g2R
S0
k2U
∗
i1V
∗
j2
+RS
0
k,m+2
(
λmU∗i2V
∗
j2 − Y mnν U∗i,n+2V∗j2
)
+ RS
0
k,m+5
(
g2U
∗
i,m+2V
∗
j1 − Y mne U∗i2V∗j,n+2
)]
, (H.2)
and
g˜OcchRijk = (g˜O
cch
Ljik)
∗. (H.3)
F Chargino-chargino-neutral pseudoscalar
The Lagrangian using four component spinor notation can be written as
Lcch = −i g˜√
2
χ˜i(O
cca
LijkPL +O
cca
RijkPR)χ˜jP
0
k , (H.4)
where
g˜OccaLijk = j
[
RP
0
k1
(
Y mne U
∗
i,m+2V
∗
j,n+2 − g2U∗i2V∗j1
)
−g2RP 0k2 U∗i1V∗j2
+RP
0
k,m+2
(
λmU∗i2V
∗
j2 − Y mnν U∗i,n+2V∗j2
)
− RP 0k,m+5
(
g2U
∗
i,m+2V
∗
j1 + Y
mn
e U
∗
i2V
∗
j,n+2
)]
, (H.5)
and
g˜OccaRijk = −(g˜OccaLjik)∗. (H.6)
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F Down-quark-down-quark-neutral scalar
The Lagrangian using four component spinor notation can be written as
Lddh = −g˜di(OddhLijkPL +OddhRijkPR)djS0k, (H.7)
where
g˜OddhLijk =
1√
2
Y mnd R
S0
k1R
d
LimR
d
Ljn ,
g˜OddhRijk = (g˜O
ddh
Ljik)
∗. (H.8)
F Down-quark-down-quark-neutral pseudoscalar
The Lagrangian using four component spinor notation can be written as
Ldda = −ig˜di(OddaLijkPL +OddaRijkPR)djP 0k , (H.9)
where
g˜OddaLijk =
1√
2
Y mnd R
P 0
k1 R
d
LimR
d
Ljn ,
g˜OddaRijk = −(g˜OddaLjik)∗. (H.10)
F Up-quark-up-quark-neutral scalar
The Lagrangian using four component spinor notation can be written as
Luuh = −g˜ui(OuuhLijkPL +OuuhRijkPR)ujS0k, (H.11)
where
g˜OuuhLijk =
1√
2
Y mnu R
S0
k2R
u
LimR
u
Ljn ,
g˜OuuhRijk = (g˜O
uuh
Ljik)
∗. (H.12)
F Up-quark-up-quark-neutral pseudoscalar
The Lagrangian using four component spinor notation can be written as
Luua = −ig˜ui(OuuaLijkPL +OuuaRijkPR)ujP 0k , (H.13)
where
g˜OuuaLijk =
1√
2
Y mnu R
P 0
k2 R
u
LimR
u
Ljn ,
g˜OuuaRijk = −(g˜OuuaLjik)∗. (H.14)
F Quark-squark-chargino
The Lagrangian using four component spinor notation can be written as
Lqq˜c = −g˜χ˜ci
(
OcduLijkPL +O
cdu
RijkPR
)
dj u˜
∗
k − g˜ui
(
OucdLijkPL +O
ucd
RijkPR
)
χ˜j d˜k + h.c, (H.15)
where
g˜OcduLijk = −Y mnu V∗i2RdLjmRu˜k,n+3 + g2V∗i1RdLjmRu˜km,
g˜OcduRijk = −Y mn
∗
d Ui2R
d∗
RjnR
u˜
km,
g˜OucdLijk = −Y mnu V∗j2RuRinRd˜
∗
km,
g˜OucdRijk = −Y mn
∗
d Uj2R
u∗
LimR
d˜
∗
k,n+3 + g2Uj1R
u∗
LimR
d˜
∗
km. (H.16)
The charge conjugated chargino spinor χ˜c is defined by eqn.(4.21).
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F Quark-quark-charged scalar
The Lagrangian is written as
Lqqs = −g˜ui
(
OudsLijkPL +O
uds
RijkPR
)
djS
+
k + h.c, (H.17)
where
g˜OudsLijk = −Y mnu RuRinRdLjmRS
±
k2 ,
g˜OudsRijk = −Y mn
∗
d R
u∗
LimR
d∗
RjnR
S±
k1 . (H.18)
H.2 Squared matrix elements for h0 → χ˜0i χ˜0j , bb¯
• |M |2(h0 → χ˜0i χ˜0j ) = 2g˜2(m2h0 − (m2χ˜0i +m
2
χ˜0j
))
(
Onnh
∗
Lij4 O
nnh
Lij4 +O
nnh∗
Rij4 O
nnh
Rij4
)
−4g˜4mχ˜0imχ˜0j
(
Onnh
∗
Rij4 O
nnh
Lij4 +O
nnh∗
Lij4 O
nnh
Rij4
)
, (H.19)
where we have used the favour of an extra 2 factor for χ˜0i − χ˜0j − h0 vertex [3] (also see appendix D).
• |M |2(h0 → bb¯) = 3g˜2(m2h0 − 2m2b)
(
Oddh
∗
L334O
ddh
L334 +O
ddh∗
R334O
ddh
R334
)
−6g˜4m2b
(
Oddh
∗
R334O
ddh
L334 +O
ddh∗
L334O
ddh
R334
)
, (H.20)
where we have used relations from appendix D, section H.1 and put 3 for the colour factor.
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Appendix I
I.1 Three body decays of the χ˜01 LSP
In this appendix we write down the spin-averaged (sum over spins of the final state particles and
average over the spin of initial particle) matrix element square (|M|2) for possible three body decays
of a neutralino LSP χ˜01. The possible decays are given by eqn. (5.1). Since neutralinos are fermion by
nature, an average over the initial particle spin will yield a factor of 12 , that is, mathematically,
|M|2 = NcX1X2
(2. 12 + 1)
∑
i
M†iMi + 2<
∑
i 6=j
M†iMj
 , (I.1)
where we put spin of the neutralino, Sχ˜0i =
1
2 in the factor
1
(2.S
χ˜0
i
+1) . The second terms of eqn.(I.1)
represent interference terms in case multiple Feynman diagrams exist for a given process. Mi represents
amplitude of the i-th Feynman Diagram of a given process. Nc is the colour factor which is 3(1) for
processes involving quarks(leptons). The quantities X1,2 are associated with two vertices of a three
body decay process (see figure I.1 for example). These factors are 2 for a χ˜01−ν−neutral boson vertex1
since χ˜01, ν are Majorana particles [3] and equal to 1 for all other vertices. All processes are calculated
using ’t-Hooft-Feynman gauge.
I.2 Process χ˜01 → qq¯ν
We start with the processes involving down type quarks (q = d, s, b) first and later for q = u, c. We
represent different down and up type quarks generically by d and u, respectively. We write down all
possible M†iMj for the five diagrams shown in figure I.1. The four-momentum assignments are as
follows
χ˜01(P )→ q(k) + q¯(k′) + νi(p), (I.2)
where i stands for i-th neutrino flavour. i = 1, 2, 3 or e, µ, τ . χ˜01 is the lightest of the seven heavy
neutralino states (see eqn.(4.16)).
• M†1M1(χ˜01 → qq¯
∑
νi) =
4g42
cos2θW [((k + k
′)2 −m2Z)2 +m2ZΓ2Z ]∑
i
[
(P.k)(p.k′)Aqqνi11 + (P.k
′)(p.k)Bqqνi11 +m
2
q(P.p)C
qqνi
11
]
,
(I.3)
1Also true for ν − ν − neutral boson vertex, appears in χ˜01 → ννν¯ process.
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where q = d(u), ΓZ is the Z-boson decay width and
Aqqνi11 =
(
O1iZ
∗
Li1 O
1iZ
Li1 +O
1iZ∗
Ri1 O
1iZ
Ri1
)(1(4)
9
sin4θW − 1(2)
6
sin2θW +
1
8
)
+
(
O1iZ
∗
Li1 O
1iZ
Li1 −O1iZ
∗
Ri1 O
1iZ
Ri1
)(1(2)
6
sin2θW − 1
8
)
,
Bqqνi11 =
(
O1iZ
∗
Li1 O
1iZ
Li1 +O
1iZ∗
Ri1 O
1iZ
Ri1
)(1(4)
9
sin4θW − 1(2)
6
sin2θW +
1
8
)
−
(
O1iZ
∗
Li1 O
1iZ
Li1 −O1iZ
∗
Ri1 O
1iZ
Ri1
)(1
6
sin2θW − 1
8
)
,
Cqqνi11 =
(
O1iZ
∗
Li1 O
1iZ
Li1 +O
1iZ∗
Ri1 O
1iZ
Ri1
)(1(4)
9
sin4θW − 1(2)
6
sin2θW
)
. (I.4)
• M†2M2(χ˜01 → qq¯
∑
νi) =
2∑
r,s=1
4g˜4[
((k′ + p)2 −m2q˜r )((k′ + p)2 −m2q˜s)
]
∑
i
[
(P.k)(p.k′)Aqqνi22 +mqmχ˜01(p.k
′)Bqqνi22
]
, (I.5)
where
Aqqνi22 =
(
Oq1q˜Lq1q˜sO
q1q˜∗
Lq1q˜r
+Oq1q˜Rq1q˜sO
q1q˜∗
Rq1q˜r
)(
Oiqq˜Liqq˜sO
iqq˜∗
Liqq˜r
+Oiqq˜Riqq˜sO
iqq˜∗
Riqq˜r
)
,
Bqqνi22 =
(
Oq1q˜Lq1q˜sO
q1q˜∗
Rq1q˜r
+Oq1q˜Rq1q˜sO
q1q˜∗
Lq1q˜r
)(
Oiqq˜Liqq˜sO
iqq˜∗
Liqq˜r
+Oiqq˜Riqq˜sO
iqq˜∗
Riqq˜r
)
. (I.6)
• M†3M3(χ˜01 → qq¯
∑
νi) =
2∑
r,s=1
4g˜4[
((k + p)2 −m2q˜r )((k + p)2 −m2q˜s)
]
∑
i
[
(P.k′)(p.k)Aqqνi33 +mqmχ˜01(p.k)B
qqνi
33
]
, (I.7)
where
Aqqνi33 =
(
O1qq˜L1qq˜sO
1qq˜∗
L1qq˜r
+O1qq˜R1qq˜sO
1qq˜∗
R1qq˜r
)(
Oqiq˜Lqiq˜sO
qiq˜∗
Lqiq˜r
+Oqiq˜Rqiq˜sO
qiq˜∗
Rqiq˜r
)
,
Bqqνi33 =
(
O1qq˜L1qq˜sO
1qq˜∗
R1qq˜r
+O1qq˜R1qq˜sO
1qq˜∗
L1qq˜r
)(
Oqiq˜Lqiq˜sO
qiq˜∗
Lqiq˜r
+Oqiq˜Rqiq˜sO
qiq˜∗
Rqiq˜r
)
. (I.8)
• M†4M4(χ˜01 → qq¯
∑
νi) =
8∑
k,l=1
2g˜4[
((k + k′)2 −m2
S0k
)((k + k′)2 −m2
S0l
)
]
∑
i
[
(P.p)(k.k′)Aqqνi44 −m2q(P.p)Bqqνi44
]
, (I.9)
where
Aqqνi44 =
(
Oqqh
∗
LqqkO
qqh
Lqql +O
qqh∗
RqqkO
qqh
Rqql
)(
Oi1h
∗
Li1kO
i1h
Li1l +O
i1h∗
Ri1kO
i1h
Ri1l
)
,
Bqqνi44 =
(
Oqqh
∗
LqqkO
qqh
Rqql +O
qqh∗
RqqkO
qqh
Lqql
)(
Oi1h
∗
Li1kO
i1h
Li1l +O
i1h∗
Ri1kO
i1h
Ri1l
)
. (I.10)
• M†5M5(χ˜01 → qq¯
∑
νi) =
8∑
k,l=1
2g˜4[
((k + k′)2 −m2
P 0k
)((k + k′)2 −m2
P 0l
)
]
∑
i
[
(P.p)(k.k′)Aqqνi55 −m2q(P.p)Bqqνi55
]
, (I.11)
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where
Aqqνi55 =
(
Oqqa
∗
LqqkO
qqa
Lqql +O
qqa∗
RqqkO
qqa
Rqql
)(
Oi1a
∗
Li1kO
i1a
Li1l +O
i1a∗
Ri1kO
i1a
Ri1l
)
,
Bqqνi55 =
(
Oqqa
∗
LqqkO
qqa
Rqql +O
qqa∗
RqqkO
qqa
Lqql
)(
Oi1a
∗
Li1kO
i1a
Li1l +O
i1a∗
Ri1kO
i1a
Ri1l
)
. (I.12)
• M†1M2(χ˜01 → qq¯
∑
νi) = −(+)
2∑
r=1
2g22 g˜
2secθW[
((k + k′)2 −m2Z − imZΓZ)((p+ k′)2 −m2q˜r )
]
∑
i
[
2(p.k′)(P.k)(Aqqνi12 C
qqνi
12 +B
qqνi
12 D
qqνi
12 ) +mqmχ˜01(p.k)(A
qqνi
12 D
qqνi
12 +B
qqνi
12 C
qqνi
12 )
+ 2mqmχ˜01(p.k
′)(Bqqνi12 E
qqνi
12 +A
qqνi
12 F
qqνi
12 ) +m
2
q(P.p)(A
qqνi
12 E
qqνi
12 +B
qqνi
12 F
qqνi
12 )
]
,
(I.13)
where
Aqqνi12 = O
1iZ∗
Li1 O
iqq˜
Riqq˜r
, Bqqνi12 = O
1iZ∗
Ri1 O
iqq˜
Liqq˜r
, Cqqνi12 =
1(2)
3
sin2θWO
q1q˜
Lq1q˜r
,
Dqqνi12 =
1(2)
3
sin2θWO
q1q˜
Rq1q˜r
− 1
2
Oq1q˜Rq1q˜r , E
qqνi
12 =
1(2)
3
sin2θWO
q1q˜
Lq1q˜r
− 1
2
Oq1q˜Lq1q˜r ,
F qqνi12 =
1(2)
3
sin2θWO
q1q˜
Rq1q˜r
. (I.14)
• M†1M3(χ˜01 → qq¯
∑
νi) = (−)
2∑
r=1
2g22 g˜
2secθW[
((k + k′)2 −m2Z − imZΓZ)((p+ k)2 −m2q˜r )
]
∑
i
[
2(p.k)(P.k′)(Aqqνi13 C
qqνi
13 +B
qqνi
13 D
qqνi
13 ) +mqmχ˜01(p.k
′)(Aqqνi13 D
qqνi
13 +B
qqνi
13 C
qqνi
13 )
+ 2mqmχ˜01(p.k)(B
qqνi
13 E
qqνi
13 +A
qqνi
13 F
qqνi
13 ) +m
2
q(P.p)(A
qqνi
13 E
qqνi
13 +B
qqνi
13 F
qqνi
13 )
]
,
(I.15)
where
Aqqνi13 = O
1iZ∗
Ri1 O
qiq˜
Lqiq˜r
, Bqqνi13 = O
1iZ∗
Li1 O
qiq˜
Rqiq˜r
, Cqqνi13 =
1(2)
3
sin2θWO
1qq˜
R1qq˜r
,
Dqqνi13 =
1(2)
3
sin2θWO
1qq˜
L1qq˜r
− 1
2
O1qq˜L1qq˜r , E
qqνi
13 =
1(2)
3
sin2θWO
1qq˜
R1qq˜r
− 1
2
O1qq˜R1qq˜r ,
F qqνi13 =
1(2)
3
sin2θWO
1qq˜
L1qq˜r
. (I.16)
• M†1M4(χ˜01 → qq¯
∑
νi) = −(+)
8∑
k=1
√
2g22 g˜
2secθW[
((k + k′)2 −m2Z − imZΓZ)((k + k′)2 −m2S0k)
]
∑
i
[
mqmχ˜01(p.k
′)Aqqνi14 −mqmχ˜01(p.k)B
qqνi
14
]
, (I.17)
where
Aqqνi14 =
(
O1iZ
∗
Ri1 O
i1h
Li1k +O
1iZ∗
Li1 O
i1h
Ri1k
)
×
{(
1(2)
3
sin2θW − 1
2
)
OqqhLbbk +
1(2)
3
sin2θWO
qqh
Rbbk
}
,
Bqqνi14 =
(
O1iZ
∗
Ri1 O
i1h
Li1k +O
1iZ∗
Li1 O
i1h
Ri1k
)
×
{(
1(2)
3
sin2θW − 1
2
)
OqqhRbbk +
1(2)
3
sin2θWO
qqh
Lbbk
}
. (I.18)
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χ˜01
νk
q¯
q
Z0
(1)
χ˜01
q
q¯
νk
q˜1,2
(2)
χ˜01
q¯
q
νk
q˜1,2
(3)
χ˜01
νk
q¯
q
S0m
(4)
χ˜01
νk
q¯
q
P 0m
(5)
Figure I.1: Feynman diagrams for the possible three body decays of the lightest supersymmetric
particle into qq¯ν final states, with q 6= t. q˜1,2 are the squarks in the mass eigenbasis (see eqn.(B.19)).
S0m, P
0
m are the neutral scalar and pseudoscalar states of the µνSSM as shown by eqns.(B.5), (B.8).
• M†1M5(χ˜01 → qq¯
∑
νi) = (−)
8∑
k=1
√
2g22 g˜
2secθW[
((k + k′)2 −m2Z − imZΓZ)((k + k′)2 −m2P 0k )
]
∑
i
[
mqmχ˜01(p.k
′)Aqqνi15 −mqmχ˜01(p.k)B
qqνi
15
]
, (I.19)
where
Aqqνi15 =
(
O1iZ
∗
Ri1 O
i1a
Li1k +O
1iZ∗
Li1 O
i1a
Ri1k
)
×
{(
1(2)
3
sin2θW − 1
2
)
OqqaLbbk +
1(2)
3
sin2θWO
qqa
Rbbk
}
,
Bqqνi15 =
(
O1iZ
∗
Ri1 O
i1a
Li1k +O
1iZ∗
Li1 O
i1a
Ri1k
)
×
{(
1(2)
3
sin2θW − 1
2
)
OqqaRbbk +
1(2)
3
sin2θWO
qqa
Lbbk
}
. (I.20)
• M†2M3(χ˜01 → qq¯
∑
νi) = −
2∑
r,s=1
2g˜4[
((p+ k′)2 −m2q˜r )((p+ k)2 −m2q˜s)
]
∑
i
[
{(P.k)(p.k′)− (P.p)(k.k′) + (P.k′)(p.k)}(Aqqνi23 Oq1q˜
∗
Lq1q˜r
+Bqqνi23 O
q1q˜∗
Rq1q˜r
)
+ mqmχ˜01(p.k
′)(Aqqνi23 O
q1q˜∗
Rq1q˜r
+Bqqνi23 O
q1q˜∗
Lq1q˜r
) +mqmχ˜01(p.k)(C
qqνi
23 O
q1q˜∗
Rq1q˜r
+Dqqνi23 O
q1q˜∗
Lq1q˜r
)
+ m2q(P.p)(C
qqνi
23 O
q1q˜∗
Lq1q˜r
+Dqqνi23 O
q1q˜∗
Rq1q˜r
)
]
, (I.21)
where
Aqqνi23 = O
qiq˜
Lqiq˜s
Oiqq˜
∗
Liqq˜r
O1qq˜L1qq˜s , B
qqνi
23 = O
qiq˜
Rqiq˜s
Oiqq˜
∗
Riqq˜r
O1qq˜R1qq˜s ,
Cqqνi23 = O
qiq˜
Rqiq˜s
Oiqq˜
∗
Riqq˜r
O1qq˜L1qq˜s , D
qqνi
23 = O
qiq˜
Lqiq˜s
Oiqq˜
∗
Liqq˜r
O1qq˜R1qq˜s . (I.22)
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• M†2M4(χ˜01 → qq¯
∑
νi) =
2∑
r=1
8∑
k=1
√
2g˜4[
((p+ k′)2 −m2q˜r )((k + k′)2 −m2S0k)
]
∑
i
[
{(P.p)(k.k′)− (P.k′)(p.k) + (p.k′)(P.k)}(Aqqνi24 Oq1q˜
∗
Rq1q˜r
+Bqqνi24 O
q1q˜∗
Lq1q˜r
)
− iµνρσpµP νkρk′σ(Aqqνi24 Oq1q˜
∗
Rq1q˜r
−Bqqνi24 Oq1q˜
∗
Lq1q˜r
)
+ mqmχ˜01(p.k
′)(Aqqνi24 O
q1q˜∗
Lq1q˜r
+Bqqνi24 O
q1q˜∗
Rq1q˜r
)−mqmχ˜01(p.k)(C
qqνi
24 O
q1q˜∗
Lq1q˜r
+Dqqνi24 O
q1q˜∗
Rq1q˜r
)
− m2q(P.p)(Cqqνi24 Oq1q˜
∗
Rq1q˜r
+Dqqνi24 O
q1q˜∗
Lq1q˜r
)
]
, (I.23)
where
Aqqνi24 = O
qqh
RqqkO
iqq˜∗
Riqq˜r
Oi1hRi1k, B
qqνi
24 = O
qqh
LqqkO
iqq˜∗
Liqq˜r
Oi1hLi1k,
Cqqνi24 = O
qqh
LqqkO
iqq˜∗
Riqq˜r
Oi1hRi1k, D
qqνi
24 = O
qqh
RqqkO
iqq˜∗
Liqq˜r
Oi1hLi1k. (I.24)
• M†2M5(χ˜01 → qq¯
∑
νi) = −
2∑
r=1
8∑
k=1
√
2g˜4[
((p+ k′)2 −m2q˜r )((k + k′)2 −m2P 0k )
]
∑
i
[
{(P.p)(k.k′)− (P.k′)(p.k) + (p.k′)(P.k)}(Aqqνi25 Oq1q˜
∗
Rq1q˜r
+Bqqνi25 O
q1q˜∗
Lq1q˜r
)
− iµνρσpµP νkρk′σ(Aqqνi25 Oq1q˜
∗
Rq1q˜r
−Bqqνi25 Oq1q˜
∗
Lq1q˜r
)
+ mqmχ˜01(p.k
′)(Aqqνi25 O
q1q˜∗
Lq1q˜r
+Bqqνi25 O
q1q˜∗
Rq1q˜r
)−mqmχ˜01(p.k)(C
qqνi
25 O
q1q˜∗
Lq1q˜r
+Dqqνi25 O
q1q˜∗
Rq1q˜r
)
− m2q(P.p)(Cqqνi25 Oq1q˜
∗
Rq1q˜r
+Dqqνi25 O
q1q˜∗
Lq1q˜r
)
]
, (I.25)
where
Aqqνi25 = O
qqa
RqqkO
iqq˜∗
Riqq˜r
Oi1aRi1k, B
qqνi
25 = O
qqa
LqqkO
iqq˜∗
Liqq˜r
Oi1aLi1k,
Cqqνi25 = O
qqa
LqqkO
iqq˜∗
Riqq˜r
Oi1aRi1k, D
qqνi
25 = O
qqa
RqqkO
iqq˜∗
Liqq˜r
Oi1aLi1k. (I.26)
• M†3M4(χ˜01 → qq¯
∑
νi) =
2∑
r=1
8∑
k=1
√
2g˜4[
((p+ k)2 −m2q˜r )((k + k′)2 −m2S0k)
]
∑
i
[
{(P.k′)(p.k)− (P.k)(p.k′) + (P.p)(k.k′)}(Aqqνi34 O1qq˜
∗
L1qq˜r
+Bqqνi34 O
1qq˜∗
R1qq˜r
)
+ mqmχ˜01(p.k)(A
qqνi
34 O
1qq˜∗
R1qq˜r
+Bqqνi34 O
1qq˜∗
L1qq˜r
)−mqmχ˜01(p.k′)(C
qqνi
34 O
1qq˜∗
R1qq˜r
+Dqqνi34 O
1qq˜∗
L1qq˜r
)
− m2q(P.p)(Cqqνi34 O1qq˜
∗
L1qq˜r
+Dqqνi34 O
1qq˜∗
R1qq˜r
)
]
, (I.27)
where
Aqqνi34 = O
qqh
LqqkO
qiq˜∗
Lqiq˜r
Oi1hLi1k, B
qqνi
34 = O
qqh
RqqkO
qiq˜∗
Rqiq˜r
Oi1hRi1k,
Cqqνi34 = O
qqh
RqqkO
qiq˜∗
Lqiq˜r
Oi1hLi1k, D
qqνi
34 = O
qqh
LqqkO
qiq˜∗
Rqiq˜r
Oi1hRi1k. (I.28)
• M†3M5(χ˜01 → qq¯
∑
νi) = −
2∑
r=1
8∑
k=1
√
2g˜4[
((p+ k)2 −m2q˜r )((k + k′)2 −m2P 0k )
]
∑
i
[
{(P.k′)(p.k)− (P.k)(p.k′) + (P.p)(k.k′)}(Aqqνi35 O1qq˜
∗
L1qq˜r
+Bqqνi35 O
1qq˜∗
R1qq˜r
)
+ mqmχ˜01(p.k)(A
qqνi
35 O
1qq˜∗
R1qq˜r
+Bqqνi35 O
1qq˜∗
L1qq˜r
)−mqmχ˜01(p.k′)(C
qqνi
35 O
1qq˜∗
R1qq˜r
+Dqqνi35 O
1qq˜∗
L1qq˜r
)
− m2q(P.p)(Cqqνi35 O1qq˜
∗
L1qq˜r
+Dqqνi35 O
1qq˜∗
R1qq˜r
)
]
, (I.29)
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where
Aqqνi35 = O
qqa
LqqkO
qiq˜∗
Lqiq˜r
Oi1aLi1k, B
qqνi
35 = O
qqa
RqqkO
qiq˜∗
Rqiq˜r
Oi1aRi1k,
Cqqνi35 = O
qqa
RqqkO
qiq˜∗
Lqiq˜r
Oi1aLi1k, D
qqνi
35 = O
qqa
LqqkO
qiq˜∗
Rqiq˜r
Oi1aRi1k. (I.30)
• M†4M5(χ˜01 → qq¯
∑
νi) = −
8∑
k,l=1
2g˜4[
((k + k′)2 −m2
S0k
)((k + k′)2 −m2
P 0l
)
]
∑
i
[
(P.p)(k.k′)
(
Oi1h
∗
Li1kO
i1a
Li1l +O
i1h∗
Ri1kO
i1a
Ri1l
)(
Oqqh
∗
LqqkO
qqa
Lqql +O
qqh∗
RqqkO
qqa
Rqql
)
− m2q(P.p)
(
Oi1h
∗
Li1kO
i1a
Li1l +O
i1h∗
Ri1kO
i1a
Ri1l
)(
Oqqh
∗
RqqkO
qqa
Lqql +O
qqh∗
LqqkO
qqa
Rqql
)]
. (I.31)
Values for Weinberg angle θW and ΓZ are given in ref. [16]. Quark masses are also taken from ref. [16].
All the relevant couplings are given in appendices D and H.
I.3 Process χ˜01 → `+i `−j νk
We represent different leptons (e, µ, τ) generically by `. We write down all possible M†iMj for the seven
diagrams shown in figure I.2. We treat the charge conjugate leptons as charginos (see eqn.(4.21)) as
shown in eqn.(D.20). The four-momentum assignments are as follows
χ˜01(P )→ `+i (k) + `−j (k′) + νk(p), (I.32)
where i, j, k stand for various lepton flavours. i, j, k = 1, 2, 3 or e, µ, τ .
χ˜01
ℓ+i
ℓ−j
νk
W−µ
(1)
χ˜01
ℓ−j
ℓ+i
νk
W+µ
(2)
χ˜01
ℓ+i
ℓ−j
νk
S−r
(3)
χ˜01
ℓ−j
ℓ+i
νk
S+r
(4)
χ˜01
νk
ℓ+i
ℓ−j
S0r
(5)
χ˜01
νk
ℓ+i
ℓ−j
P 0r
(6)
χ˜01
νk
ℓ+i
ℓ−j
Z0
(7)
Figure I.2: Feynman diagrams for the possible three body decays of the lightest supersymmetric particle
into `+i + `
−
j +νk final states. S
±
r , S
0
r , P
0
r are the charged scalar, neutral scalar and pseudoscalar states
of the µνSSM as shown by eqns.(B.11), (B.5), (B.8).
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• M†1M1(χ˜01 →
∑
`+i `
−
j νk) =
8g42
[((p+ k′)2 −m2W )2 +m2WΓ2W ]∑
i,j,k
[
2(P.k′)(p.k)A
`+i `
−
j νk
11 + 2(P.p)(k.k
′)B
`+i `
−
j νk
11 −m`imχ˜01(p.k′)C
`+i `
−
j νk
11
]
,
(I.33)
where
A
`+i `
−
j νk
11 =
(
Ocnw∗Li1 O
cnw
Li1 O
ncw∗
Lkj O
ncw
Lkj +O
cnw∗
Ri1 O
cnw
Ri1 O
ncw∗
Rkj O
ncw
Rkj
)
,
B
`+i `
−
j νk
11 =
(
Ocnw∗Li1 O
cnw
Li1 O
ncw∗
Rkj O
ncw
Rkj +O
cnw∗
Ri1 O
cnw
Ri1 O
ncw∗
Lkj O
ncw
Lkj
)
,
C
`+i `
−
j νk
11 = (O
cnw∗
Ri1 O
cnw
Li1 +O
cnw∗
Li1 O
cnw
Ri1 )
(
Oncw∗Lkj O
ncw
Lkj +O
ncw∗
Rkj O
ncw
Rkj
)
. (I.34)
• M†2M2(χ˜01 →
∑
`+i `
−
j νk) =
8g42
[((p+ k)2 −m2W )2 +m2WΓ2W ]∑
i,j,k
[
2(P.k)(p.k′)A
`+i `
−
j νk
22 + 2(P.p)(k.k
′)B
`+i `
−
j νk
22 −m`jmχ˜01(p.k)C
`+i `
−
j νk
22
]
,
(I.35)
where
A
`+i `
−
j νk
22 =
(
Oncw∗L1j O
ncw
L1j O
cnw∗
Lik O
cnw
Lik +O
ncw∗
R1j O
ncw
R1jO
cnw∗
Rik O
cnw
Rik
)
,
B
`+i `
−
j νk
22 =
(
Oncw∗L1j O
ncw
L1j O
cnw∗
Rik O
cnw
Rik +O
ncw∗
R1j O
ncw
R1jO
cnw∗
Lik O
cnw
Lik
)
,
C
`+i `
−
j νk
22 =
(
Oncw∗R1j O
ncw
L1j +O
ncw∗
L1j O
ncw
R1j
)
(Ocnw∗Lik O
cnw
Lik +O
cnw∗
Rik O
cnw
Rik ) . (I.36)
• M†3M3(χ˜01 →
∑
`+i `
−
j νk) =
8∑
r,l=1
4g˜4[
((p+ k′)2 −m2
S±r
)((p+ k′)2 −m2
S±l
)
]
∑
i,j,k
[
(P.k)(p.k′)A
`+i `
−
j νk
33 +m`imχ˜01(p.k
′)B
`+i `
−
j νk
33
]
,
(I.37)
where
A
`+i `
−
j νk
33 = (O
cns∗
Li1rO
cns
Li1l +O
cns∗
Ri1rO
cns
Ri1l)
(
Oncs∗LkjrO
ncs
Lkjl +O
ncs∗
RkjrO
ncs
Rkjl
)
,
B
`+i `
−
j νk
33 = (O
cns∗
Ri1rO
cns
Li1l +O
cns∗
Li1rO
cns
Ri1l)
(
Oncs∗LkjrO
ncs
Lkjl +O
ncs∗
RkjrO
ncs
Rkjl
)
. (I.38)
• M†4M4(χ˜01 →
∑
`+i `
−
j νk) =
8∑
r,l=1
4g˜4[
((p+ k)2 −m2
S±r
)((p+ k)2 −m2
S±l
)
]
∑
i,j,k
[
(P.k′)(p.k)A
`+i `
−
j νk
44 +m`jmχ˜01(p.k)B
`+i `
−
j νk
44
]
,
(I.39)
where
A
`+i `
−
j νk
44 =
(
Oncs∗L1jrO
ncs
L1jl +O
ncs∗
R1jrO
ncs
R1jl
)
(Ocns∗LikrO
cns
Likl +O
cns∗
RikrO
cns
Rikl) ,
B
`+i `
−
j νk
44 =
(
Oncs∗R1jrO
ncs
L1jl +O
ncs∗
L1jrO
ncs
R1jl
)
(Ocns∗LikrO
cns
Likl +O
cns∗
RikrO
cns
Rikl) . (I.40)
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• M†5M5(χ˜01 →
∑
`+i `
−
j νk) =
8∑
r,l=1
g˜4[
((k + k′)2 −m2S0r )((k + k′)2 −m
2
S0l
)
]
∑
i,j,k
[
(P.p)(k.k′)A
`+i `
−
j νk
55 −m`im`j (P.p)B
`+i `
−
j νk
55
]
,
(I.41)
where
A
`+i `
−
j νk
55 =
(
Onnh∗Lk1rO
nnh
Lk1l +O
nnh∗
Rk1rO
nnh
Rk1l
) (
Occh∗LijrO
cch
Lijl +O
cch∗
RijrO
cch
Rijl
)
,
B
`+i `
−
j νk
55 =
(
Onnh∗Lk1rO
nnh
Lk1l +O
nnh∗
Rk1rO
nnh
Rk1l
) (
Occh∗RijrO
cch
Lijl +O
cch∗
LijrO
cch
Rijl
)
. (I.42)
• M†6M6(χ˜01 →
∑
`+i `
−
j νk) =
8∑
r,l=1
g˜4[
((k + k′)2 −m2P 0r )((k + k′)2 −m
2
P 0l
)
]
∑
i,j,k
[
(P.p)(k.k′)A
`+i `
−
j νk
66 −m`im`j (P.p)B
`+i `
−
j νk
66
]
,
(I.43)
where
A
`+i `
−
j νk
66 = (O
nna∗
Lk1rO
nna
Lk1l +O
nna∗
Rk1rO
nna
Rk1l)
(
Occa∗LijrO
cca
Lijl +O
cca∗
RijrO
cca
Rijl
)
,
B
`+i `
−
j νk
66 = (O
nna∗
Lk1rO
nna
Lk1l +O
nna∗
Rk1rO
nna
Rk1l)
(
Occa∗RijrO
cca
Lijl +O
cca∗
LijrO
cca
Rijl
)
. (I.44)
• M†7M7(χ˜01 →
∑
`+i `
−
j νk) =
2g42
cos2θW [((k + k′)2 −m2Z)2 +m2ZΓ2Z ]∑
i,j,k
[
2(P.k′)(p.k)A
`+i `
−
j νk
77 + 2(P.k)(p.k
′)B
`+i `
−
j νk
77 −m`im`j (P.p)C
`+i `
−
j νk
77
]
,
(I.45)
where
A
`+i `
−
j νk
77 =
(
Onnz
∗
Lk1 O
nnz
Lk1O
ccz∗
Lij O
ccz
Lij +O
nnz∗
Rk1 O
nnz
Rk1O
ccz∗
Rij O
ccz
Rij
)
,
B
`+i `
−
j νk
77 =
(
Onnz
∗
Lk1 O
nnz
Lk1O
ccz∗
Rij O
ccz
Rij +O
nnz∗
Rk1 O
nnz
Rk1O
ccz∗
Lij O
ccz
Lij
)
,
C
`+i `
−
j νk
77 =
(
Onnz
∗
Lk1 O
nnz
Lk1 +O
nnz∗
Rk1 O
nnz
Rk1
)(
Occz
∗
Rij O
ccz
Lij +O
ccz∗
Lij O
ccz
Rij
)
. (I.46)
• M†1M2(χ˜01 →
∑
`+i `
−
j νk) =
8g42
[((p+ k′)2 −m2W )− imWΓW ] [((p+ k)2 −m2W )2 + imWΓW ]∑
i,j,k
[
−2(P.p)(k.k′)(A`
+
i `
−
j νk
12 O
cnw∗
Li1 +B
`+i `
−
j νk
12 O
cnw∗
Ri1 )
+m`imχ˜01(p.k
′)(A
`+i `
−
j νk
12 O
cnw∗
Ri1 +B
`+i `
−
j νk
12 O
cnw∗
Li1 )
+m`jmχ˜01(p.k)(C
`+i `
−
j νk
12 O
cnw∗
Ri1 +D
`+i `
−
j νk
12 O
cnw∗
Li1 )
+ m`im`j (P.p)(C
`+i `
−
j νk
12 O
cnw∗
Li1 +D
`+i `
−
j νk
12 O
cnw∗
Ri1 )
]
,
(I.47)
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where
A
`+i `
−
j νk
12 = O
ncw∗
Rkj O
ncw
L1j O
cnw
Lik , B
`+i `
−
j νk
12 = O
ncw∗
Lkj O
ncw
R1jO
cnw
Rik ,
C
`+i `
−
j νk
12 = O
ncw∗
Lkj O
ncw
L1j O
cnw
Rik , D
`+i `
−
j νk
12 = O
ncw∗
Rkj O
ncw
R1jO
cnw
Lik ,
(I.48)
• M†1M3(χ˜01 →
∑
`+i `
−
j νk) =
8∑
l=1
4g22 g˜
2[
(((p+ k′)2 −m2W )− imWΓW )((p+ k′)2 −m2S±l )
]
∑
i,j,k
[
m`jmχ˜01(p.k)A
`+i `
−
j νk
13 +m`im`j (P.p)B
`+i `
−
j νk
13
]
,
(I.49)
where
A
`+i `
−
j νk
13 =
(
Ocnw
∗
Ri1 O
cns
Li1l +O
cnw∗
Li1 O
cns
Ri1l
)(
Oncw
∗
Rkj O
ncs
Lkjl +O
ncw∗
Lkj O
ncs
Rkjl
)
,
B
`+i `
−
j νk
13 =
(
Ocnw
∗
Li1 O
cns
Li1l +O
cnw∗
Ri1 O
cns
Ri1l
)(
Oncw
∗
Rkj O
ncs
Lkjl +O
ncw∗
Lkj O
ncs
Rkjl
)
. (I.50)
• M†1M4(χ˜01 →
∑
`+i `
−
j νk) = −
8∑
r=1
4g22 g˜
2[
(((p+ k′)2 −m2W )− imWΓW )((p+ k)2 −m2S±r )
]
∑
i,j,k
[
2(P.k′)(p.k)(A
`+i `
−
j νk
14 O
cnw∗
Li1 +B
`+i `
−
j νk
14 O
cnw∗
Ri1 )
−m`imχ˜01(p.k′)(A
`+i `
−
j νk
14 O
cnw∗
Ri1 +B
`+i `
−
j νk
14 O
cnw∗
Li1 )
+2m`jmχ˜01(p.k)(C
`+i `
−
j νk
14 O
cnw∗
Ri1 +D
`+i `
−
j νk
14 O
cnw∗
Li1 )
− m`im`j (P.p)(C
`+i `
−
j νk
14 O
cnw∗
Li1 +D
`+i `
−
j νk
14 O
cnw∗
Ri1 )
]
, (I.51)
where
A
`+i `
−
j νk
14 = O
ncw∗
Lkj O
ncs
L1jlO
cns
Rikl, B
`+i `
−
j νk
14 = O
ncw∗
Rkj O
ncs
R1jlO
cns
Likl,
C
`+i `
−
j νk
14 = O
ncw∗
Rkj O
ncs
L1jlO
cns
Likl, D
`+i `
−
j νk
14 = O
ncw∗
Lkj O
ncs
R1jlO
cns
Rikl. (I.52)
• M†1M5(χ˜01 →
∑
`+i `
−
j νk) = −
8∑
r=1
2g22 g˜
2[
(((p+ k′)2 −m2W )− imWΓW )((k + k′)2 −m2S0r )
]
∑
i,j,k
[
2(P.p)(k.k′)(A
`+i `
−
j νk
15 O
cnw∗
Li1 +B
`+i `
−
j νk
15 O
cnw∗
Ri1 )
−m`imχ˜01(p.k′)(A
`+i `
−
j νk
15 O
cnw∗
Ri1 +B
`+i `
−
j νk
15 O
cnw∗
Li1 )
+m`jmχ˜01(p.k)(C
`+i `
−
j νk
15 O
cnw∗
Ri1 +D
`+i `
−
j νk
15 O
cnw∗
Li1 )
− 2m`im`j (P.p)(C
`+i `
−
j νk
15 O
cnw∗
Li1 +D
`+i `
−
j νk
15 O
cnw∗
Ri1 )
]
, (I.53)
where
A
`+i `
−
j νk
15 = O
ncw∗
Rkj O
nnh
Lk1lO
cch
Rijl, B
`+i `
−
j νk
15 = O
ncw∗
Lkj O
nnh
Rk1lO
cch
Lijl,
C
`+i `
−
j νk
15 = O
ncw∗
Rkj O
nnh
Lk1lO
cch
Lijl, D
`+i `
−
j νk
15 = O
ncw∗
Lkj O
nnh
Rk1lO
cch
Rijl. (I.54)
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• M†1M6(χ˜01 →
∑
`+i `
−
j νk) =
8∑
r=1
2g22 g˜
2[
(((p+ k′)2 −m2W )− imWΓW )((k + k′)2 −m2P 0r )
]
∑
i,j,k
[
2(P.p)(k.k′)(A
`+i `
−
j νk
16 O
cnw∗
Li1 +B
`+i `
−
j νk
16 O
cnw∗
Ri1 )
−m`imχ˜01(p.k′)(A
`+i `
−
j νk
16 O
cnw∗
Ri1 +B
`+i `
−
j νk
16 O
cnw∗
Li1 )
+m`jmχ˜01(p.k)(C
`+i `
−
j νk
16 O
cnw∗
Ri1 +D
`+i `
−
j νk
16 O
cnw∗
Li1 )
− 2m`im`j (P.p)(C
`+i `
−
j νk
16 O
cnw∗
Li1 +D
`+i `
−
j νk
16 O
cnw∗
Ri1 )
]
,
(I.55)
where
A
`+i `
−
j νk
16 = O
ncw∗
Rkj O
nna
Lk1lO
cca
Rijl, B
`+i `
−
j νk
16 = O
ncw∗
Lkj O
nna
Rk1lO
cca
Lijl,
C
`+i `
−
j νk
16 = O
ncw∗
Rkj O
nna
Lk1lO
cca
Lijl, D
`+i `
−
j νk
16 = O
ncw∗
Lkj O
nna
Rk1lO
cca
Rijl. (I.56)
• M†1M7(χ˜01 →
∑
`+i `
−
j νk) =
− 4g
4
2seeθW
[(((p+ k′)2 −m2W )− imWΓW )] [(((k + k′)2 −m2Z) + imZΓZ)]∑
i,j,k
[
2(P.k′)(p.k)(A
`+i `
−
j νk
17 O
cnw∗
Li1 +B
`+i `
−
j νk
17 O
cnw∗
Ri1 )
−m`imχ˜01(p.k′)(A
`+i `
−
j νk
17 O
cnw∗
Ri1 +B
`+i `
−
j νk
17 O
cnw∗
Li1 )
+m`jmχ˜01(p.k)(C
`+i `
−
j νk
17 O
cnw∗
Ri1 +D
`+i `
−
j νk
17 O
cnw∗
Li1 )
+ m`im`j (P.p)(C
`+i `
−
j νk
17 O
cnw∗
Li1 +D
`+i `
−
j νk
17 O
cnw∗
Ri1 )
]
,
(I.57)
where
A
`+i `
−
j νk
17 = O
ncw∗
Lkj O
nnz
Lk1O
ccz
Lij , B
`+i `
−
j νk
17 = O
ncw∗
Rkj O
nnz
Rk1O
ccz
Rij ,
C
`+i `
−
j νk
17 = O
ncw∗
Lkj O
nnz
Lk1O
ccz
Rij , D
`+i `
−
j νk
17 = O
ncw∗
Rkj O
nnz
Rk1O
ccz
Lij . (I.58)
• M†2M3(χ˜01 →
∑
`+i `
−
j νk) =
8∑
r=1
4g22 g˜
2[
(((p+ k)2 −m2W )− imWΓW )((p+ k′)2 −m2S±r )
]
∑
i,j,k
[
2(P.k)(p.k′)(A
`+i `
−
j νk
23 O
ncw∗
L1j +B
`+i `
−
j νk
23 O
ncw∗
R1j )
−m`jmχ˜01(p.k)(A
`+i `
−
j νk
23 O
ncw∗
R1j +B
`+i `
−
j νk
23 O
ncw∗
L1j )
+2m`imχ˜01(p.k
′)(C
`+i `
−
j νk
23 O
ncw∗
R1j +D
`+i `
−
j νk
23 O
ncw∗
L1j )
− m`im`j (P.p)(C
`+i `
−
j νk
23 O
ncw∗
L1j +D
`+i `
−
j νk
23 O
ncw∗
R1j )
]
,
(I.59)
where
A
`+i `
−
j νk
23 = O
cnw∗
Rik O
cns
Li1rO
ncs
Rkjr, B
`+i `
−
j νk
23 = O
cnw∗
Lik O
cns
Ri1rO
ncs
Lkjr,
C
`+i `
−
j νk
23 = O
cnw∗
Lik O
cns
Li1rO
ncs
Lkjr, D
`+i `
−
j νk
23 = O
cnw∗
Rik O
cns
Ri1rO
ncs
Rkjr. (I.60)
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• M†2M4(χ˜01 →
∑
`+i `
−
j νk) = −
8∑
r=1
4g22 g˜
2[
(((p+ k)2 −m2W )− imWΓW )((p+ k)2 −m2S±r )
]
∑
i,j,k
[
m`imχ˜01(p.k
′)A
`+i `
−
j νk
24 +m`im`j (P.p)B
`+i `
−
j νk
24
]
,
(I.61)
where
A
`+i `
−
j νk
24 =
(
Oncw
∗
R1j O
ncs
L1jr +O
ncw∗
L1j O
ncs
R1jr
)(
Ocnw
∗
Lik O
cns
Likr +O
cnw∗
Rik O
cns
Rikr
)
,
B
`+i `
−
j νk
24 =
(
Oncw
∗
L1j O
ncs
L1jr +O
ncw∗
R1j O
ncs
R1jr
)(
Ocnw
∗
Lik O
cns
Likr +O
cnw∗
Rik O
cns
Rikr
)
. (I.62)
• M†2M5(χ˜01 →
∑
`+i `
−
j νk) =
8∑
r=1
2g22 g˜
2[
(((p+ k)2 −m2W )− imWΓW )((k + k′)2 −m2S0r )
]
∑
i,j,k
[
2(P.p)(k.k′)(A
`+i `
−
j νk
25 O
ncw∗
L1j +B
`+i `
−
j νk
25 O
ncw∗
R1j )
−m`jmχ˜01(p.k)(A
`+i `
−
j νk
25 O
ncw∗
R1j +B
`+i `
−
j νk
25 O
ncw∗
L1j )
+m`imχ˜01(p.k
′)(C
`+i `
−
j νk
25 O
ncw∗
R1j +D
`+i `
−
j νk
25 O
ncw∗
L1j )
− 2m`im`j (P.p)(C
`+i `
−
j νk
25 O
ncw∗
L1j +D
`+i `
−
j νk
25 O
ncw∗
R1j )
]
,
(I.63)
where
A
`+i `
−
j νk
25 = O
cnw∗
Lik O
nnh
Lk1rO
cch
Rijr, B
`+i `
−
j νk
25 = O
cnw∗
Rik O
nnh
Rk1rO
cch
Lijr,
C
`+i `
−
j νk
25 = O
cnw∗
Lik O
nnh
Lk1rO
cch
Lijr, D
`+i `
−
j νk
25 = O
cnw∗
Rik O
nnh
Rk1rO
cch
Rijr. (I.64)
• M†2M6(χ˜01 →
∑
`+i `
−
j νk) = −
8∑
r=1
2g22 g˜
2[
(((p+ k)2 −m2W )− imWΓW )((k + k′)2 −m2P 0r )
]
∑
i,j,k
[
2(P.p)(k.k′)(A
`+i `
−
j νk
26 O
ncw∗
L1j +B
`+i `
−
j νk
26 O
ncw∗
R1j )
−m`jmχ˜01(p.k)(A
`+i `
−
j νk
26 O
ncw∗
R1j +B
`+i `
−
j νk
26 O
ncw∗
L1j )
+m`imχ˜01(p.k
′)(C
`+i `
−
j νk
26 O
ncw∗
R1j +D
`+i `
−
j νk
26 O
ncw∗
L1j )
− 2m`im`j (P.p)(C
`+i `
−
j νk
26 O
ncw∗
L1j +D
`+i `
−
j νk
26 O
ncw∗
R1j )
]
,
(I.65)
where
A
`+i `
−
j νk
26 = O
cnw∗
Lik O
nna
Lk1rO
cca
Rijr, B
`+i `
−
j νk
26 = O
cnw∗
Rik O
nna
Rk1rO
cca
Lijr,
C
`+i `
−
j νk
26 = O
cnw∗
Lik O
nna
Lk1rO
cca
Lijr, D
`+i `
−
j νk
26 = O
cnw∗
Rik O
nna
Rk1rO
cca
Rijr. (I.66)
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• M†2M7(χ˜01 →
∑
`+i `
−
j νk) =
− 4g
4
2secθW
[(((p+ k)2 −m2W )− imWΓW )] [(((k + k′)2 −m2Z) + imZΓZ)]∑
i,j,k
[
2(P.k)(p.k′)(A
`+i `
−
j νk
27 O
ncw∗
L1j +B
`+i `
−
j νk
27 O
ncw∗
R1j )
−m`jmχ˜01(p.k)(A
`+i `
−
j νk
27 O
ncw∗
R1j +B
`+i `
−
j νk
27 O
ncw∗
L1j )
+m`imχ˜01(p.k
′)(C
`+i `
−
j νk
27 O
ncw∗
R1j +D
`+i `
−
j νk
27 O
ncw∗
L1j )
+ m`im`j (P.p)(C
`+i `
−
j νk
27 O
ncw∗
L1j +D
`+i `
−
j νk
27 O
ncw∗
R1j )
]
,
(I.67)
where
A
`+i `
−
j νk
27 = O
cnw∗
Rik O
nnz
Lk1O
ccz
Rij , B
`+i `
−
j νk
27 = O
cnw∗
Lik O
nnz
Rk1O
ccz
Lij ,
C
`+i `
−
j νk
27 = O
cnw∗
Rik O
nnz
Lk1O
ccz
Lij , D
`+i `
−
j νk
27 = O
cnw∗
Lik O
nnz
Rk1O
ccz
Rij . (I.68)
• M†3M4(χ˜01 →
∑
`+i `
−
j νk) = −
8∑
r,l=1
2g˜4[
((p+ k′)2 −m2
S±r
)((p+ k)2 −m2
S±l
)
]
∑
i,j,k
[
{(P.k)(p.k′)− (P.p)(k.k′) + (P.k′)(p.k)} (A`
+
i `
−
j νk
34 O
cns∗
Li1r +B
`+i `
−
j νk
34 O
cns∗
Ri1r)
+m`imχ˜01(p.k)(A
`+i `
−
j νk
34 O
cns∗
Ri1r +B
`+i `
−
j νk
34 O
cns∗
Li1r )
+m`jmχ˜01(p.k
′)(C
`+i `
−
j νk
34 O
cns∗
Ri1r +D
`+i `
−
j νk
34 O
cns∗
Li1r )
+ m`im`j (P.p)(C
`+i `
−
j νk
34 O
cns∗
Li1r +D
`+i `
−
j νk
34 O
cns∗
Ri1r)
]
, (I.69)
where
A
`+i `
−
j νk
34 = O
ncs∗
LkjrO
ncs
L1jlO
cns
Likl, B
`+i `
−
j νk
34 = O
ncs∗
RkjrO
ncs
R1jlO
cns
Rikl,
C
`+i `
−
j νk
34 = O
ncs∗
RkjrO
ncs
L1jlO
cns
Rikl, D
`+i `
−
j νk
34 = O
ncs∗
LkjrO
ncs
R1jlO
cns
Likl. (I.70)
• M†3M5(χ˜01 →
∑
`+i `
−
j νk) =
8∑
r,l=1
g˜4[
((p+ k′)2 −m2
S±r
)((k + k′)2 −m2
S0l
)
]
∑
i,j,k
[
{(P.k)(p.k′)− (P.k′)(p.k) + (P.p)(k.k′)} (A`
+
i `
−
j νk
35 O
cns∗
Li1r +B
`+i `
−
j νk
35 O
cns∗
Ri1r)
+m`imχ˜01(p.k
′)(A
`+i `
−
j νk
35 O
cns∗
Ri1r +B
`+i `
−
j νk
35 O
cns∗
Li1r )
−m`jmχ˜01(p.k)(C
`+i `
−
j νk
35 O
cns∗
Ri1r +D
`+i `
−
j νk
35 O
cns∗
Li1r )
− m`im`j (P.p)(C
`+i `
−
j νk
35 O
cns∗
Li1r +D
`+i `
−
j νk
35 O
cns∗
Ri1r)
]
, (I.71)
where
A
`+i `
−
j νk
35 = O
ncs∗
LkjrO
nnh
Lk1lO
cch
Lijl, B
`+i `
−
j νk
35 = O
ncs∗
RkjrO
nnh
Rk1lO
cch
Rijl,
C
`+i `
−
j νk
35 = O
ncs∗
LkjrO
nnh
Lk1lO
cch
Rijl, D
`+i `
−
j νk
35 = O
ncs∗
RkjrO
nnh
Rk1lO
cch
Lijl. (I.72)
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• M†3M6(χ˜01 →
∑
`+i `
−
j νk) = −
8∑
r,l=1
g˜4[
((p+ k′)2 −m2
S±r
)((k + k′)2 −m2
P 0l
)
]
∑
i,j,k
[
{(P.k)(p.k′)− (P.k′)(p.k) + (P.p)(k.k′)} (A`
+
i `
−
j νk
36 O
cns∗
Li1r +B
`+i `
−
j νk
36 O
cns∗
Ri1r)
+m`imχ˜01(p.k
′)(A
`+i `
−
j νk
36 O
cns∗
Ri1r +B
`+i `
−
j νk
36 O
cns∗
Li1r )
−m`jmχ˜01(p.k)(C
`+i `
−
j νk
36 O
cns∗
Ri1r +D
`+i `
−
j νk
36 O
cns∗
Li1r )
− m`im`j (P.p)(C
`+i `
−
j νk
36 O
cns∗
Li1r +D
`+i `
−
j νk
36 O
cns∗
Ri1r)
]
, (I.73)
where
A
`+i `
−
j νk
36 = O
ncs∗
LkjrO
nna
Lk1lO
cca
Lijl, B
`+i `
−
j νk
36 = O
ncs∗
RkjrO
nna
Rk1lO
cca
Rijl,
C
`+i `
−
j νk
36 = O
ncs∗
LkjrO
nna
Lk1lO
cca
Rijl, D
`+i `
−
j νk
36 = O
ncs∗
RkjrO
nna
Rk1lO
cca
Lijl. (I.74)
• M†3M7(χ˜01 →
∑
`+i `
−
j νk) = −
8∑
r=1
2g22 g˜
2[
((p+ k′)2 −m2
S±r
)((k + k′)2 −m2Z + imZΓZ)
]
∑
i,j,k
[
2(P.k)(p.k′)(A
`+i `
−
j νk
37 O
ccz
Lij +B
`+i `
−
j νk
37 O
ccz
Rij)
+m`im`j (P.p)(A
`+i `
−
j νk
37 O
ccz
Rij +B
`+i `
−
j νk
37 O
ccz
Lij)
+2m`imχ˜01(p.k
′)(C
`+i `
−
j νk
37 O
ccz
Rij +D
`+i `
−
j νk
37 O
ccz
Lij)
+ m`jmχ˜01(p.k)(C
`+i `
−
j νk
37 O
ccz
Lij +D
`+i `
−
j νk
37 O
ccz
Rij)
]
, (I.75)
where
A
`+i `
−
j νk
37 = O
ncs∗
LkjrO
nnz
Rk1O
cns∗
Ri1r, B
`+i `
−
j νk
37 = O
ncs∗
RkjrO
nnz
Lk1O
cns∗
Li1r ,
C
`+i `
−
j νk
37 = O
ncs∗
RkjrO
nnz
Lk1O
cns∗
Ri1r, D
`+i `
−
j νk
37 = O
ncs∗
LkjrO
nnz
Rk1O
cns∗
Li1r . (I.76)
• M†4M5(χ˜01 →
∑
`+i `
−
j νk) =
8∑
r,l=1
g˜4[
((p+ k)2 −m2
S±r
)((k + k′)2 −m2
S0l
)
]
∑
i,j,k
[
{(P.k′)(p.k)− (P.k)(p.k′) + (P.p)(k.k′)} (A`
+
i `
−
j νk
45 O
ncs∗
L1jr +B
`+i `
−
j νk
45 O
ncs∗
R1jr)
+m`jmχ˜01(p.k)(A
`+i `
−
j νk
45 O
ncs∗
R1jr +B
`+i `
−
j νk
45 O
ncs∗
L1jr)
−m`imχ˜01(p.k′)(C
`+i `
−
j νk
45 O
ncs∗
R1jr +D
`+i `
−
j νk
45 O
ncs∗
L1jr)
− m`im`j (P.p)(C
`+i `
−
j νk
45 O
ncs∗
L1jr +D
`+i `
−
j νk
45 O
ncs∗
R1jr)
]
, (I.77)
where
A
`+i `
−
j νk
45 = O
cns∗
LikrO
nnh
Lk1lO
cch
Lijl, B
`+i `
−
j νk
45 = O
cns∗
RikrO
nnh
Rk1lO
cch
Rijl,
C
`+i `
−
j νk
45 = O
cns∗
LikrO
nnh
Lk1lO
cch
Rijl, D
`+i `
−
j νk
45 = O
cns∗
RikrO
nnh
Rk1lO
cch
Lijl. (I.78)
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• M†4M6(χ˜01 →
∑
`+i `
−
j νk) = −
8∑
r,l=1
g˜4[
((p+ k)2 −m2
S±r
)((k + k′)2 −m2
P 0l
)
]
∑
i,j,k
[
{(P.k′)(p.k)− (P.k)(p.k′) + (P.p)(k.k′)} (A`
+
i `
−
j νk
46 O
ncs∗
L1jr +B
`+i `
−
j νk
46 O
ncs∗
R1jr)
+m`jmχ˜01(p.k)(A
`+i `
−
j νk
46 O
ncs∗
R1jr +B
`+i `
−
j νk
46 O
ncs∗
L1jr)
−m`imχ˜01(p.k′)(C
`+i `
−
j νk
46 O
ncs∗
R1jr +D
`+i `
−
j νk
46 O
ncs∗
L1jr)
− m`im`j (P.p)(C
`+i `
−
j νk
46 O
ncs∗
L1jr +D
`+i `
−
j νk
46 O
ncs∗
R1jr)
]
, (I.79)
where
A
`+i `
−
j νk
46 = O
cns∗
LikrO
nna
Lk1lO
cca
Lijl, B
`+i `
−
j νk
46 = O
cns∗
RikrO
nna
Rk1lO
cca
Rijl,
C
`+i `
−
j νk
46 = O
cns∗
LikrO
nna
Lk1lO
cca
Rijl, D
`+i `
−
j νk
46 = O
cns∗
RikrO
nna
Rk1lO
cca
Lijl. (I.80)
• M†4M7(χ˜01 →
∑
`+i `
−
j νk) =
8∑
r=1
2g22 g˜
2[
((p+ k)2 −m2
S±r
)((k + k′)2 −m2Z + imZΓZ)
]
∑
i,j,k
[
2(P.k′)(p.k)(A
`+i `
−
j νk
47 O
ccz
Rij +B
`+i `
−
j νk
47 O
ccz
Lij)
+m`im`j (P.p)(A
`+i `
−
j νk
47 O
ccz
Lij +B
`+i `
−
j νk
47 O
ccz
Rij)
+2m`jmχ˜01(p.k)(C
`+i `
−
j νk
47 O
ccz
Lij +D
`+i `
−
j νk
47 O
ccz
Rij)
+ m`imχ˜01(p.k
′)(C
`+i `
−
j νk
47 O
ccz
Rij +D
`+i `
−
j νk
47 O
ccz
Lij)
]
, (I.81)
where
A
`+i `
−
j νk
47 = O
cns∗
LikrO
nnz
Rk1O
ncs∗
R1jr, B
`+i `
−
j νk
47 = O
cns∗
RikrO
nnz
Lk1O
ncs∗
L1jr,
C
`+i `
−
j νk
47 = O
cns∗
RikrO
nnz
Lk1O
ncs∗
R1jr, D
`+i `
−
j νk
47 = O
cns∗
LikrO
nnz
Rk1O
ncs∗
L1jr. (I.82)
• M†5M6(χ˜01 →
∑
`+i `
−
j νk) = −
8∑
r,l=1
g˜4[
((k + k′)2 −m2S0r )((k + k′)2 −m
2
P 0l
)
]
∑
i,j,k
[
(P.p)(k.k′)A
`+i `
−
j νk
56 −m`im`j (P.p)B
`+i `
−
j νk
56
]
,
(I.83)
where
A
`+i `
−
j νk
56 =
(
Occh
∗
LijrO
cca
Lijl +O
cch∗
RijrO
cca
Rijl
)(
Onnh
∗
Lk1rO
nna
Lk1l +O
nnh∗
Rk1rO
nna
Rk1l
)
,
B
`+i `
−
j νk
56 =
(
Occh
∗
RijrO
cca
Lijl +O
cch∗
LijrO
cca
Rijl
)(
Onnh
∗
Lk1rO
nna
Lk1l +O
nnh∗
Rk1rO
nna
Rk1l
)
. (I.84)
• M†5M7(χ˜01 →
∑
`+i `
−
j νk) = −
8∑
r=1
g22 g˜
2seeθW[
((k + k′)2 −m2S0r )((k + k′)2 −m
2
Z + imZΓZ)
]
∑
i,j,k
[
m`imχ˜01(p.k
′)A
`+i `
−
j νk
57 −m`jmχ˜01(p.k)B
`+i `
−
j νk
57
]
,
(I.85)
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where
A
`+i `
−
j νk
57 =
(
Occh
∗
RijrO
ccz
Rij +O
cch∗
LijrO
ccz
Lij
)(
Onnh
∗
Rk1rO
nnz
Lk1 +O
nnh∗
Lk1rO
nnz
Rk1
)
,
B
`+i `
−
j νk
57 =
(
Occh
∗
RijrO
ccz
Lij +O
cch∗
LijrO
ccz
Rij
)(
Onnh
∗
Rk1rO
nnz
Lk1 +O
nnh∗
Lk1rO
nnz
Rk1
)
. (I.86)
• M†6M7(χ˜01 →
∑
`+i `
−
j νk) =
8∑
r=1
g22 g˜
2seeθW[
((k + k′)2 −m2P 0r )((k + k′)2 −m
2
Z + imZΓZ)
]
∑
i,j,k
[
m`imχ˜01(p.k
′)A
`+i `
−
j νk
67 −m`jmχ˜01(p.k)B
`+i `
−
j νk
67
]
,
(I.87)
where
A
`+i `
−
j νk
67 =
(
Occa
∗
RijrO
ccz
Rij +O
cca∗
LijrO
ccz
Lij
)(
Onna
∗
Rk1rO
nnz
Lk1 +O
nna∗
Lk1rO
nnz
Rk1
)
,
B
`+i `
−
j νk
67 =
(
Occa
∗
RijrO
ccz
Lij +O
cca∗
LijrO
ccz
Rij
)(
Onna
∗
Rk1rO
nnz
Lk1 +O
nna∗
Lk1rO
nnz
Rk1
)
. (I.88)
ΓW and ΓZ are the decay width for W and Z-boson, respectively and their values are given in ref. [16].
All the lepton masses are also taken from ref. [16].
I.4 Process χ˜01 → νiνjνk
We represent different lepton flavours (e, µ, τ) by i, j, k. We write down all possible M†iMj for the
three diagrams shown in figure I.3. The four-momentum assignments are as follows
χ˜01(P )→ νi(p) + νj(k) + νk(k′). (I.89)
χ˜01
νi
νk
νj
S0r
(1)
χ˜01
νi
νk
νj
P 0r
(2)
χ˜01
νi
νk
νj
Z0
(3)
Figure I.3: Feynman diagrams for the possible three body decays of the lightest supersymmetric
particle into νiνjνk final states. S
0
r , P
0
r are the neutral scalar and pseudoscalar states of the µνSSM as
shown by eqns.(B.5), (B.8).
• M†1M1(χ˜01 →
∑
νiνjνk) =
8∑
r,l=1
g˜4[
((k + k′)2 −m2S0r )((k + k′)2 −m
2
S0l
)
]
×
∑
i,j,k
(P.p)(k.k′)
(
Onnh
∗
Li1r O
nnh
Li1l +O
nnh∗
Ri1r O
nnh
Ri1l
)(
Onnh
∗
LkjrO
nnh
Lkjl +O
nnh∗
RkjrO
nnh
Rkjl
)
.
(I.90)
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• M†2M2(χ˜01 →
∑
νiνjνk) =
8∑
r,l=1
g˜4[
((k + k′)2 −m2P 0r )((k + k′)2 −m
2
P 0l
)
]
×
∑
i,j,k
(P.p)(k.k′)
(
Onna
∗
Li1r O
nna
Li1l +O
nna∗
Ri1r O
nna
Ri1l
)(
Onna
∗
LkjrO
nna
Lkjl +O
nna∗
RkjrO
nna
Rkjl
)
.
(I.91)
• M†3M3(χ˜01 →
∑
νiνjνk) =
g4
[((k + k′)2 −m2Z)2 +m2ZΓ2Z ]
×
∑
i,j,k
[
(P.k)(p.k′)
(
Onnz
∗
Li1 O
nnz
Li1 O
nnz∗
Lkj O
nnz
Lkj +O
nnz∗
Ri1 O
nnz
Ri1O
nnz∗
Rkj O
nnz
Rkj
)
+ (P.k′)(p.k)
(
Onnz
∗
Li1 O
nnz
Li1 O
nnz∗
Rkj O
nnz
Rkj +O
nnz∗
Ri1 O
nnz
Ri1O
nnz∗
Lkj O
nnz
Lkj
)]
. (I.92)
• M†1M2(χ˜01 →
∑
νiνjνk) = −
8∑
r,l=1
g˜4[
((k + k′)2 −m2S0r )((k + k′)2 −m
2
P 0l
)
]
×
∑
i,j,k
(P.p)(k.k′)
(
Onnh
∗
Li1r O
nna
Li1l +O
nnh∗
Ri1r O
nna
Ri1l
)(
Onnh
∗
LkjrO
nna
Lkjl +O
nnh∗
RkjrO
nna
Rkjl
)
.
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• M†1M3(χ˜01 →
∑
νiνjνk) = 0. (I.94)
• M†2M3(χ˜01 →
∑
νiνjνk) = 0. (I.95)
I.5 Process χ˜01 → u¯idj`+k
We represent different lepton flavours (e, µ, τ) by k. ui(dj) stands for different up-type and down-type
quarks (u, c(d, s, b)), except the top. We write down all possible M†iMj for the four diagrams shown
in figure I.4. Required couplings are given in appendices D and H. The four-momentum assignments
are as follows
χ˜01(P )→ `+k (p) + u¯i(k) + dj(k′). (I.96)
• M†1M1(χ˜01 →
∑
u¯idj`
+
k ) =
∑
i,j,k
4g4|V CKMij |2
[(((k + k′)2 −m2W )2 +m2WΓ2W )][
2(P.k)(p.k′)Ocnw
∗
Lk1 O
cnw
Lk1 + 2(P.k
′)(p.k)Ocnw
∗
Rk1 O
cnw
Rk1
− m`kmχ˜01(k.k′)
(
Ocnw
∗
Rk1 O
cnw
Lk1 +O
cnw∗
Lk1 O
cnw
Rk1
)]
. (I.97)
• M†2M2(χ˜01 →
∑
u¯idj`
+
k ) =
∑
i,j,k
8∑
r,l=1
4g˜4[
((k + k′)2 −m2
S±r
)((k + k′)2 −m2
S±l
)
]
[
(P.p)
(
Ocns
∗
Lk1rO
cns
Lk1l +O
cns∗
Rk1rO
cns
Rk1l
)
+m`kmχ˜01
(
Ocns
∗
Lk1rO
cns
Rk1l +O
cns∗
Rk1rO
cns
Lk1l
)]
×
[
(k.k′)
(
Ouds
∗
Lijl O
uds
Lijr +O
uds∗
Rijl O
uds
Rijr
)
−muimdj
(
Ouds
∗
Rijl O
uds
Lijr +O
uds∗
Lijl O
uds
Rijr
)]
.
(I.98)
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u˜1,2
(4)
Figure I.4: Feynman diagrams for the possible three body decays of the lightest supersymmetric particle
into u¯idj`
+
k final states. S
−
r are the charged scalar states of the µνSSM as shown by eqn.(B.11). u˜(d˜)
are the up and down-type squarks as shown by eqn.(B.19) corresponding to u¯i and dj .
• M†3M3(χ˜01 →
∑
u¯idj`
+
k ) =
∑
i,j,k
2∑
r,l=1
4g˜4[
((p+ k)2 −m2
d˜r
)((p+ k)2 −m2
d˜l
)
]
[
(P.k′)
(
Odnd˜
∗
Lj1rO
dnd˜
Lj1l +O
dnd˜
∗
Rj1rO
dnd˜
Rj1l
)
+mdjmχ˜01
(
Odnd˜
∗
Rj1rO
dnd˜
Lj1l +O
dnd˜
∗
Lj1rO
dnd˜
Rj1l
)]
×
[
(p.k)
(
Oucd
∗
LiklO
ucd
Likr +O
ucd∗
RiklO
ucd
Rikr
)
−muim`k
(
Oucd
∗
RiklO
ucd
Likr +O
ucd∗
LiklO
ucd
Rikr
)]
.
(I.99)
• M†4M4(χ˜01 →
∑
u¯idj`
+
k ) =
∑
i,j,k
2∑
r,l=1
4g˜4[
((p+ k′)2 −m2u˜r )((p+ k′)2 −m2u˜l)
]
[
(P.k)
(
Onuu˜
∗
L1ir O
nuu˜
L1il +O
nuu˜∗
R1ir O
nuu˜
R1il
)
+muimχ˜01
(
Onuu˜
∗
R1ir O
nuu˜
L1il +O
nuu˜∗
L1ir O
nuu˜
R1il
)]
×
[
(p.k′)
(
Ocdu
∗
LkjlO
cdu
Lkjr +O
cdu∗
RkjlO
cdu
Rkjr
)
−mdjm`k
(
Ocdu
∗
RkjlO
cdu
Lkjr +O
cdu∗
LkjlO
cdu
Rkjr
)]
.
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• M†1M2(χ˜01 →
∑
u¯idj`
+
k ) =∑
i,j,k
8∑
r=1
2
√
2g22 g˜
2V CKMij[
((k + k′)2 −m2W − imWΓW )((k + k′)2 −m2S±r )
]
[
muimχ˜01(p.k
′)Ouds
∗
LijrA
u¯idj`
+
k
12 +m`kmui(P.k
′)Ouds
∗
LijrB
u¯idj`
+
k
12
− mdjmχ˜01(p.k)Ouds
∗
RijrA
u¯idj`
+
k
12 −mdjm`k(P.k)Ouds
∗
RijrB
u¯idj`
+
k
12
]
.
(I.101)
where
A
u¯idj`
+
k
12 =
(
Ocnw
∗
Lk1 O
cns
Rk1r +O
cnw∗
Rk1 O
cns
Lk1r
)
, B
u¯idj`
+
k
12 =
(
Ocnw
∗
Lk1 O
cns
Lk1r +O
cnw∗
Rk1 O
cns
Rk1r
)
.
(I.102)
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• M†1M3(χ˜01 →
∑
u¯idj`
+
k ) =
−
∑
i,j,k
2∑
r=1
2
√
2g22 g˜
2V CKMij[
((k + k′)2 −m2W − imWΓW )((p+ k)2 −m2d˜r )
]
[
2(P.k′)(p.k)Au¯idj`
+
k
13 −m`kmχ˜01(k.k′)B
u¯idj`
+
k
13 +muimχ˜01(p.k
′)C u¯idj`
+
k
13
−2muim`k(P.k′)Du¯idj`
+
k
13 + 2mdjmχ˜01(p.k)E
u¯idj`
+
k
13 −mdjm`k(P.k)F u¯idj`
+
k
13
+ muimdj (P.p)G
u¯idj`
+
k
13 − 2muimdjm`kmχ˜01H
u¯idj`
+
k
13
]
, (I.103)
where
A
u¯idj`
+
k
13 = O
cnw∗
Rk1 O
ucd∗
RikrO
dnd˜
Rj1r, B
u¯idj`
+
k
13 = O
cnw∗
Lk1 O
ucd∗
RikrO
dnd˜
Rj1r,
C
u¯idj`
+
k
13 = O
cnw∗
Lk1 O
ucd∗
LikrO
dnd˜
Rj1r, D
u¯idj`
+
k
13 = O
cnw∗
Rk1 O
ucd∗
LikrO
dnd˜
Rj1r,
E
u¯idj`
+
k
13 = O
cnw∗
Rk1 O
ucd∗
RikrO
dnd˜
Lj1r, F
u¯idj`
+
k
13 = O
cnw∗
Lk1 O
ucd∗
RikrO
dnd˜
Lj1r,
G
u¯idj`
+
k
13 = O
cnw∗
Lk1 O
ucd∗
LikrO
dnd˜
Lj1r, H
u¯idj`
+
k
13 = O
cnw∗
Rk1 O
ucd∗
LikrO
dnd˜
Lj1r. (I.104)
• M†1M4(χ˜01 →
∑
u¯idj`
+
k ) =∑
i,j,k
2∑
r=1
2
√
2g22 g˜
2V CKMij[
((k + k′)2 −m2W − imWΓW )((p+ k′)2 −m2u˜r )
]
[
2(P.k)(p.k′)Au¯idj`
+
k
14 −m`kmχ˜01(k.k′)B
u¯idj`
+
k
14 +mdjmχ˜01(p.k)C
u¯idj`
+
k
14
−2mdjm`k(P.k)Du¯idj`
+
k
14 + 2muimχ˜01(p.k
′)Eu¯idj`
+
k
14 −muim`k(P.k′)F u¯idj`
+
k
14
+ muimdj (P.p)G
u¯idj`
+
k
14 − 2muimdjm`kmχ˜01H
u¯idj`
+
k
14
]
, (I.105)
where
A
u¯idj`
+
k
14 = O
cnw∗
Lk1 O
cdu∗
LkjrO
nuu˜
L1ir, B
u¯idj`
+
k
14 = O
cnw∗
Rk1 O
cdu∗
LkjrO
nuu˜
L1ir,
C
u¯idj`
+
k
14 = O
cnw∗
Rk1 O
cdu∗
RkjrO
nuu˜
L1ir, D
u¯idj`
+
k
14 = O
cnw∗
Lk1 O
cdu∗
RkjrO
nuu˜
L1ir,
E
u¯idj`
+
k
14 = O
cnw∗
Lk1 O
cdu∗
LkjrO
nuu˜
R1ir, F
u¯idj`
+
k
14 = O
cnw∗
Rk1 O
cdu∗
LkjrO
nuu˜
R1ir,
G
u¯idj`
+
k
14 = O
cnw∗
Rk1 O
cdu∗
RkjrO
nuu˜
R1ir, H
u¯idj`
+
k
14 = O
cnw∗
Lk1 O
cdu∗
RkjrO
nuu˜
R1ir. (I.106)
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• M†2M3(χ˜01 →
∑
u¯idj`
+
k ) =
∑
i,j,k
8∑
r=1
2∑
l=1
2g˜4[
((k + k′)2 −m2
S±r
)((p+ k)2 −m2
d˜l
)
]
[
{(P.p)(k.k′)− (P.k)(p.k′) + (P.k′)(p.k)}
(
A
u¯idj`
+
k
23 O
cns∗
Lk1r +B
u¯idj`
+
k
23 O
cns∗
Rk1r
)
+m`kmχ˜01(k.k
′)
(
A
u¯idj`
+
k
23 O
cns∗
Rk1r +B
u¯idj`
+
k
23 O
cns∗
Lk1r
)
−muimχ˜01(p.k′)
(
C
u¯idj`
+
k
23 O
cns∗
Rk1r +D
u¯idj`
+
k
23 O
cns∗
Lk1r
)
−muim`k(P.k′)
(
C
u¯idj`
+
k
23 O
cns∗
Lk1r +D
u¯idj`
+
k
23 O
cns∗
Rk1r
)
+mdjmχ˜01(p.k)
(
E
u¯idj`
+
k
23 O
cns∗
Rk1r + F
u¯idj`
+
k
23 O
cns∗
Lk1r
)
+mdjm`k(P.k)
(
E
u¯idj`
+
k
23 O
cns∗
Lk1r + F
u¯idj`
+
k
23 O
cns∗
Rk1r
)
−muimdj (P.p)
(
G
u¯idj`
+
k
23 O
cns∗
Lk1r +H
u¯idj`
+
k
23 O
cns∗
Rk1r
)
− muimdjm`kmχ˜01
(
G
u¯idj`
+
k
23 O
cns∗
Rk1r +H
u¯idj`
+
k
23 O
cns∗
Lk1r
)]
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where
A
u¯idj`
+
k
23 = O
ucd∗
RiklO
uds
RijrO
dnd˜
Lj1l, B
u¯idj`
+
k
23 = O
ucd∗
LiklO
uds
LijrO
dnd˜
Rj1l,
C
u¯idj`
+
k
23 = O
ucd∗
LiklO
uds
RijrO
dnd˜
Lj1l, D
u¯idj`
+
k
23 = O
ucd∗
RiklO
uds
LijrO
dnd˜
Rj1l,
E
u¯idj`
+
k
23 = O
ucd∗
LiklO
uds
LijrO
dnd˜
Lj1l, F
u¯idj`
+
k
23 = O
ucd∗
RiklO
uds
RijrO
dnd˜
Rj1l,
G
u¯idj`
+
k
23 = O
ucd∗
RiklO
uds
LijrO
dnd˜
Lj1l, H
u¯idj`
+
k
23 = O
ucd∗
LiklO
uds
RijrO
dnd˜
Rj1l. (I.108)
• M†2M4(χ˜01 →
∑
u¯idj`
+
k ) =
∑
i,j,k
8∑
r=1
2∑
l=1
2g˜4[
((k + k′)2 −m2
S±r
)((p+ k′)2 −m2u˜l)
]
[
{(P.p)(k.k′)− (P.k′)(p.k) + (P.k)(p.k′)}
(
A
u¯idj`
+
k
24 O
cns∗
Lk1r +B
u¯idj`
+
k
24 O
cns∗
Rk1r
)
+m`kmχ˜01(k.k
′)
(
A
u¯idj`
+
k
24 O
cns∗
Rk1r +B
u¯idj`
+
k
24 O
cns∗
Lk1r
)
−mdjmχ˜01(p.k)
(
C
u¯idj`
+
k
24 O
cns∗
Rk1r +D
u¯idj`
+
k
24 O
cns∗
Lk1r
)
−mdjm`k(P.k)
(
C
u¯idj`
+
k
24 O
cns∗
Lk1r +D
u¯idj`
+
k
24 O
cns∗
Rk1r
)
+muimχ˜01(p.k
′)
(
E
u¯idj`
+
k
24 O
cns∗
Rk1r + F
u¯idj`
+
k
24 O
cns∗
Lk1r
)
+muim`k(P.k
′)
(
E
u¯idj`
+
k
24 O
cns∗
Lk1r + F
u¯idj`
+
k
24 O
cns∗
Rk1r
)
−muimdj (P.p)
(
G
u¯idj`
+
k
24 O
cns∗
Lk1r +H
u¯idj`
+
k
24 O
cns∗
Rk1r
)
− muimdjm`kmχ˜01
(
G
u¯idj`
+
k
24 O
cns∗
Rk1r +H
u¯idj`
+
k
24 O
cns∗
Lk1r
)]
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where
A
u¯idj`
+
k
24 = O
cdu∗
RkjlO
uds
RijrO
nuu˜
L1il, B
u¯idj`
+
k
24 = O
cdu∗
LkjlO
uds
LijrO
nuu˜
R1il,
C
u¯idj`
+
k
24 = O
cdu∗
LkjlO
uds
RijrO
nuu˜
L1il, D
u¯idj`
+
k
24 = O
cdu∗
RkjlO
uds
LijrO
nuu˜
R1il,
E
u¯idj`
+
k
24 = O
cdu∗
LkjlO
uds
LijrO
nuu˜
L1il, F
u¯idj`
+
k
24 = O
cdu∗
RkjlO
uds
RijrO
nuu˜
R1il,
G
u¯idj`
+
k
24 = O
cdu∗
RkjlO
uds
LijrO
nuu˜
L1il, H
u¯idj`
+
k
24 = O
cdu∗
LkjlO
uds
RijrO
nuu˜
R1il. (I.110)
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• M†3M4(χ˜01 →
∑
u¯idj`
+
k ) = −
∑
i,j,k
2∑
r,l=1
2g˜4[
((p+ k)2 −m2
d˜r
)((p+ k′)2 −m2u˜l)
]
[
{(P.k′)(p.k)− (P.p)(k.k′) + (P.k)(p.k′)}
(
A
u¯idj`
+
k
34 O
dnd˜
∗
Lj1r +B
u¯idj`
+
k
34 O
dnd˜
∗
Rj1r
)
+mdjmχ˜01(p.k)
(
A
u¯idj`
+
k
34 O
dnd˜
∗
Rj1r +B
u¯idj`
+
k
34 O
dnd˜
∗
Lj1r
)
−m`kmχ˜01(k.k′)
(
C
u¯idj`
+
k
34 O
dnd˜
∗
Rj1r +D
u¯idj`
+
k
34 O
dnd˜
∗
Lj1r
)
−mdjm`k(P.k)
(
C
u¯idj`
+
k
34 O
dnd˜
∗
Lj1r +D
u¯idj`
+
k
34 O
dnd˜
∗
Rj1r
)
+muimχ˜01(p.k
′)
(
E
u¯idj`
+
k
34 O
dnd˜
∗
Rj1r + F
u¯idj`
+
k
34 O
dnd˜
∗
Lj1r
)
+muimdj (P.p)
(
E
u¯idj`
+
k
34 O
dnd˜
∗
Lj1r + F
u¯idj`
+
k
34 O
dnd˜
∗
Rj1r
)
−muim`k(P.k′)
(
G
u¯idj`
+
k
34 O
dnd˜
∗
Lj1r +H
u¯idj`
+
k
34 O
dnd˜
∗
Rj1r
)
− muimdjm`kmχ˜01
(
G
u¯idj`
+
k
34 O
dnd˜
∗
Rj1r +H
u¯idj`
+
k
34 O
dnd˜
∗
Lj1r
)]
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where
A
u¯idj`
+
k
34 = O
cdu∗
RkjlO
ucd
RikrO
nuu˜
L1il, B
u¯idj`
+
k
34 = O
cdu∗
LkjlO
ucd
LikrO
nuu˜
R1il,
C
u¯idj`
+
k
34 = O
cdu∗
LkjlO
ucd
RikrO
nuu˜
L1il, D
u¯idj`
+
k
34 = O
cdu∗
RkjlO
ucd
LikrO
nuu˜
R1il,
E
u¯idj`
+
k
34 = O
cdu∗
LkjlO
ucd
LikrO
nuu˜
L1il, F
u¯idj`
+
k
34 = O
cdu∗
RkjlO
ucd
RikrO
nuu˜
R1il,
G
u¯idj`
+
k
34 = O
cdu∗
RkjlO
ucd
LikrO
nuu˜
L1il, H
u¯idj`
+
k
34 = O
cdu∗
LkjlO
ucd
RikrO
nuu˜
R1il. (I.112)
I.6 Process χ˜01 → uid¯j`−k
We represent different lepton flavours (e, µ, τ) by k. ui(dj) stands for different up-type and down-type
quarks (u, c(d, s, b)), except the top. We write down all possible M†iMj for the four diagrams shown
in figure I.5. Required couplings are given in appendices D and H. The four-momentum assignments
are as follows
χ˜01(P )→ `−k (p) + ui(k) + d¯j(k′). (I.113)
• M†1M1(χ˜01 →
∑
uid¯j`
−
k ) = M
†
1M1(χ˜
0
1 →
∑
u¯idj`
+
k ) (I.114)
• M†2M2(χ˜01 →
∑
uid¯j`
−
k ) = M
†
2M2(χ˜
0
1 →
∑
u¯idj`
+
k ) (I.115)
• M†3M3(χ˜01 →
∑
uid¯j`
−
k ) = M
†
3M3(χ˜
0
1 →
∑
u¯idj`
+
k ) (I.116)
• M†4M4(χ˜01 →
∑
uid¯j`
−
k ) = M
†
4M4(χ˜
0
1 →
∑
u¯idj`
+
k ) (I.117)
• M†1M2(χ˜01 →
∑
uid¯j`
−
k ) =∑
i,j,k
8∑
r=1
2
√
2g22 g˜
2V CKM
∗
ij[
((k + k′)2 −m2W − imWΓW )((k + k′)2 −m2S±r )
]
[
mdjmχ˜01(p.k)O
uds
RijrA
uid¯j`
−
k
12 +m`kmdj (P.k)O
uds
RijrB
uid¯j`
−
k
12
− muimχ˜01(p.k′)OudsLijrA
uid¯j`
−
k
12 −muim`k(P.k′)OudsLijrBuid¯j`
−
k
12
]
,
(I.118)
I.6. PROCESS χ˜01 → UID¯J`−K 185
χ˜01
ℓ−k
d¯j
ui
W+µ
(1)
χ˜01
ℓ−k
d¯j
ui
S+r
(2)
χ˜01
d¯j
ℓ−k
ui
d˜1,2
(3)
χ˜01
ui
ℓ−k
d¯j
u˜1,2
(4)
Figure I.5: Feynman diagrams for the possible three body decays of the lightest supersymmetric particle
into uid¯j`
−
k final states. S
+
r are the charged scalar states of the µνSSM as shown by eqn.(B.11). u˜(d˜)
are the up and down-type squarks as shown by eqn.(B.19) corresponding to u¯i and dj .
where
A
uid¯j`
−
k
12 =
(
OcnwRk1O
cns∗
Rk1r +O
cnw
Lk1O
cns∗
Lk1r
)
, B
uid¯j`
−
k
12 =
(
OcnwLk1O
cns∗
Rk1r +O
cnw
Rk1O
cns∗
Lk1r
)
.
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• M†1M3(χ˜01 →
∑
uid¯j`
−
k ) =∑
i,j,k
2∑
r=1
2
√
2g22 g˜
2V CKM
∗
ij[
((k + k′)2 −m2W − imWΓW )((p+ k)2 −m2d˜r )
]
[
2(P.k)(p.k′)Auid¯j`
−
k
13 −m`kmχ˜01(k.k′)B
uid¯j`
−
k
13 +muimχ˜01(p.k
′)Cuid¯j`
−
k
13
−2muim`k(P.k′)Duid¯j`
−
k
13 + 2mdjmχ˜01(p.k)E
uid¯j`
−
k
13 −mdjm`k(P.k)Fuid¯j`
−
k
13
+ muimdj (P.p)G
uid¯j`
−
k
13 − 2muimdjm`kmχ˜01H
uid¯j`
−
k
13
]
, (I.120)
where
A
uid¯j`
−
k
13 = O
cnw
Lk1O
ucd
RikrO
dnd˜
∗
Rj1r, B
uid¯j`
−
k
13 = O
cnw
Rk1O
ucd
RikrO
dnd˜
∗
Rj1r,
C
uid¯j`
−
k
13 = O
cnw
Rk1O
ucd
LikrO
dnd˜
∗
Rj1r, D
uid¯j`
−
k
13 = O
cnw
Lk1O
ucd
LikrO
dnd˜
∗
Rj1r,
E
uid¯j`
−
k
13 = O
cnw
Lk1O
ucd
RikrO
dnd˜
∗
Lj1r , F
uid¯j`
−
k
13 = O
cnw
Rk1O
ucd
RikrO
dnd˜
∗
Lj1r ,
G
uid¯j`
−
k
13 = O
cnw
Rk1O
ucd
LikrO
dnd˜
∗
Lj1r , H
uid¯j`
−
k
13 = O
cnw
Lk1O
ucd
LikrO
dnd˜
∗
Lj1r . (I.121)
• M†1M4(χ˜01 →
∑
uid¯j`
−
k ) =
−
∑
i,j,k
2∑
r=1
2
√
2g22 g˜
2V CKM
∗
ij[
((k + k′)2 −m2W − imWΓW )((p+ k′)2 −m2u˜r )
]
[
2(P.k)(p.k′)Auid¯j`
−
k
14 −m`kmχ˜01(k.k′)B
uid¯j`
−
k
14 +mdjmχ˜01(p.k)C
uid¯j`
−
k
14
−2mdjm`k(P.k)Duid¯j`
−
k
14 + 2muimχ˜01(p.k
′)Euid¯j`
−
k
14 −muim`k(P.k′)Fuid¯j`
−
k
14
+ muimdj (P.p)G
uid¯j`
−
k
14 − 2muimdjm`kmχ˜01H
uid¯j`
−
k
14
]
, (I.122)
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where
A
uid¯j`
−
k
14 = O
cnw
Rk1O
cdu
LkjrO
nuu˜∗
L1ir , B
uid¯j`
−
k
14 = O
cnw
Lk1O
cdu
LkjrO
nuu˜∗
L1ir ,
C
uid¯j`
−
k
14 = O
cnw
Lk1O
cdu
RkjrO
nuu˜∗
L1ir , D
uid¯j`
−
k
14 = O
cnw
Rk1O
cdu
RkjrO
nuu˜∗
L1ir ,
E
uid¯j`
−
k
14 = O
cnw
Rk1O
cdu
LkjrO
nuu˜∗
R1ir , F
uid¯j`
−
k
14 = O
cnw
Lk1O
cdu
LkjrO
nuu˜∗
R1ir ,
G
uid¯j`
−
k
14 = O
cnw
Lk1O
cdu
RkjrO
nuu˜∗
R1ir , H
uid¯j`
−
k
14 = O
cnw
Rk1O
cdu
RkjrO
nuu˜∗
R1ir . (I.123)
• M†2M3(χ˜01 →
∑
uid¯j`
−
k ) =︸︷︷︸
L⇐⇒R
M†2M3(χ˜
0
1 →
∑
u¯idj`
+
k )
∗. (I.124)
• M†2M4(χ˜01 →
∑
uid¯j`
−
k ) =︸︷︷︸
L⇐⇒R
M†2M4(χ˜
0
1 →
∑
u¯idj`
+
k )
∗. (I.125)
• M†3M4(χ˜01 →
∑
uid¯j`
−
k ) =︸︷︷︸
L⇐⇒R
M†3M4(χ˜
0
1 →
∑
u¯idj`
+
k )
∗. (I.126)
V CKMij are the entries of the CKM matrix and their values are given in ref. [16].
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